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Foreword 


This  is  the  third  FDP  meeting  in  the  general  area  of  Aerodynamics  for  Aircraft  Dynamics,  following  the  successful  meetings  in 
Gottingen,  Germany,  in  May  1985  (AGARD  CP  386)  and  in  Athens,  Greece,  in  May  1978  (AGARD  CP  235).  The  theme 
reflects  the  growing  interest  in  rapid,  large-amplitude  maneuvers  of  agile  combat  aircraft  at  high  angles  of  attack  and  treats  the 
unsteady,  separated,  vortical  and  often  non-Unear  flows  representative  of  such  conditions.  Developments  in  the  pertinent 
analytical,  computational  and  experimental  design  and  prediction  methods,  techniques  for  vortex  flow  control,  importance  of 
time-dependent  phenomena  and  the  need  for  advanc^  dynamic  experiments  in  wind  tunnels  are  all  reported  on  and  the 
relevant  aerodynamic  data  are  presented.  It  is  hoped  that  tl^  information  will  significantly  improve  our  understanding  of  the 
basic  unsteady  aerodynamics  required  for  better  prediction  of  the  dynamic  behavior  of  aircraft  maneuvering  at  high  angles  of 
attack. 

This  conference  is  technically  associated  with  two  other  recent  activities  of  the  Fluid  Dynamics  Panel,  a  Special  Course  on 
'Aircraft  Dynamics  at  High  Angles  of  Attack  —  Experiments  and  Modelling*'  given  at  NASA  Langley  Research  Center,  United 
States,  and  at  the  von  Karman  Institute  for  Fluid  Dynamics,  Belgium,  in  April  1991  (AGAIW  R  776).  and  the  recently 
completed  FDP  Working  Group  1 1  on  Rotary-Balance  Testify  for  Aircraft  Dynamics  (AGARD  AR  265);  the  reader  may  wish 
to  consult  the  appropriate  publications  for  more  informaticm  in  the  general  area  of  the  conference. 

All  papers  for  this  symposium  were  obtained  by  invitation.  There  was  no  general  call  for  papers.  Unfortunately,  because  of 
travel  restrictions  imposed  during  the  Persian  Gulf  War,  one  of  the  organizations  most  active  in  the  Maneuvering  Aerodynamics 
technical  area,  NASA,  was  not  able  to  be  represented.  Therefore,  of  the  19  invited  papers,  the  two  NASA  papers  (Papers  No.  1 
and  4)  were  withdrawn.  In  the  place  of  Paper  No.  1,  opening  comments  by  the  chairman  of  the  meeting  were  expanded,  and  for 
Paper  No. 4,  a  video  was  presented  showing  recent  flight  tests  the  X-31 A  experimental  airplane.  The  original  numbering 
system  for  the  papers  in  the  symposium  program  has  been  retained  to  avoid  any  confusion. 

The  organization  of  this  volume  warrants  a  brief  comment.  Usually,  the  symposium  proceedings  are  published  as  soon  after  the 
symposium  as  possible,  and  at  a  later  date,  a  Technical  Evaluation  Report  on  the  meetings  published  as  a  stand-alone  report.  In 
the  present  case,  we  were  fortunate  to  have  a  Technical  Evaluator  who  not  only  did  a  supeib  job  but  also  did  it  very  quickly,  and 
so,  it  is  possible  to  include  his  report  with  the  conference  proceedings.  It  is  hoped  that  this  combination  will  make  the  present 
volume  even  more  valuaWe  and,  for  those  who  want  an  abbreviated  review  of  the  meeting  and  the  related  discussions,  the 
Technical  Evaluation  Report  (TER)  can  be  used  as  a  condensed  version  of  the  symposium.  It  may  also  serve  as  a  guide  to  help 
the  reader  focus  on  specific  papers  he  may  be  interested  in  reading  in  more  detail. 

The  TER  includes  an  Executive  Summary  which  is  an  assessment  of  the  meeting  as  a  whole,  a  review  of  the  individual  papers 
that  were  presented,  and  ftnally,  a  summary  of  the  Round  Table  Discussion  that  followed  the  presentation  of  the  papers. 
Following  the  Technical  Evaluation  Report  are  the  presented  papers  in  their  entirety  and  a  manuscript  of  the  Round  Table 
Discussion. 


Dr  KJ.Ofiik-Riickemann 
Program  Chairman 
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Avant-Propos 


Ce  symposium  est  la  troisieme  reunion  organist  par  le  Panel  AGARD  de  la  Dynamique  des  Fluides  dans  le  domatne  de 
raerodynamique  pour  la  dynamique  de  vol  des  aenmefe.  Elle  fait  suite  aux  r^nions  tr«  fnictueuses  qui  ont  eu  lieu  a  Gouingen 
en  AUemagne  au  mois  de  mai  1985  (AGARD  CP  386)  et  a  Athenes  en  Grece  au  mois  de  mai  1978  (AGARD  CP  235).  Le 
theme  temoigne  de  Tinteret  crcHSsant  qui  est  porte  aux  manoeuvres  rapides  et  de  grande  amplitude  effectuees  par  les  avions  de 
combat  a  grande  manoeuvrabilite  a  grands  angles  d’attaque.  11  traite  des  ^ulements  instationnaires,  d^oll^,  tourbilionnaires 
et  souvent  non^lineaires  qui  sont  representadfs  de  telles  conditions.  Ce  volume  rend  compte  des  d^loppements  recents  en  ce 
qui  conceme  les  method  pertinentes  d’analyse,  de  calcul,  de  concepts  experimentaux  et  de  prediction,  ainsi  que  des 
techniques  de  controle  des  Moulements  tourbilionnaires,  I'importance  des  phenomenes  diachroniques  et  le  besoin  d'essais 
dynamiques  en  soufflerie  de  niveau  avance,  avec  presentation  des  donnas  aerodynamiques  appropri^s.  Ces  informations 
devraient  permettre  une  meilleure  comprehension  des  elements  de  base  de  I'aerodynamique  instationnaire  n^essaires  a 
ramelioration  de  la  pr^iction  du  c<Mnportement  dynamique  des  aeronefs  manoeuvrant  aux  grands  angles  d'attaque. 

La  conference  est  associ^  du  point  de  vue  technique  a  deux  autres  activity  r^entes  du  Panel,  un  cours  sp^al  sur  ^^La 
dynamique  de  vol  des  aeronefs  aux  grands  angles  d’attaque  experimentation  et  modeiisation"  organisee  au  NASA  Langley 
research  center,  USA,  et  a  llnstitut  von  Karman  de  la  Dynamique  des  Fluides  en  Belgique  au  mois  dAvril  1991  (AGARD 
R776),  et  les  travaux  r^ents  du  groupe  de  travail  1 1  sur  *‘Le$  essais  a  la  balance  rotative  pour  la  dynamique  de  vol”  (AGARD 
AR  265).  Le  lecteur  souhaiiant  obtenir  de  plus  amples  informations  concernant  ces  domaines  devrait  consulter  les 
publications  appropri^. 

Toutes  les  ccunmunicatimis  pr^ntees  lors  du  symposium  ont  ete  remises  sur  invitation.  II  n’a  pas  ete  lance  d'appel  a 
publications.  Malheureusement.  en  raison  des  restrictions  de  deplacement  imposees  lors  de  la  guerre  du  Golfe.  Tune  des 
organisations  les  plus  actives  dans  le  domaine  de  la  nuuioeuvrabilite  par  Paerodynamique,  la  NASA,  n’a  pas  pu  envoyer  de 
representant  a  la  reunion.  Par  cons^uent,  les  2  communications  de  la  NASA  sur  les  1 9  appelees  (les  presentations  Nos.  1  et  4) 
ont  du  etre  retires.  Les  observations  preliminaires  du  President  ont  ete  developpees  pour  combler  la  lacune  de  la  premiere 
pr^ntation  et  en  ce  qui  conceme  la  presentation  No. 4,  un  film  vidm  sur  les  essais  en  vol  recents  de  Tavion  experimental  X- 
31 A  a  ete  projete.  Le  systeme  de  numerotation  des  presentations  adopte  pour  le  programmed  du  symposium  a  ete  retenu  pour 
eviter  toute  possibilite  de  confusion. 

Le  plan  de  ce  volume  merite  une  explication  breve.  Norm^ement,  le  compte>rendu  d'un  symposium  est  publie  dans  les  plus 
brefs  delais,  suivi,  a  une  date  ulterieure  et  de  facon  independante,d'un  rapport  d’evaluation  technique.  Dans  le  cas  present,  et  a 
notre  grand  bonheur,  ce  rapport  a  etc  redige  par  un  ev^uateur  technique  qui  a  non  seulement  fait  un  excellent  travail,  main  qui 
I'a  fait  tr»  rapidement,  ce  qui  nous  a  permis  de  I'inclure  au  compte  rendu  du  symposium.  Nousesperons  que  cette  plantation 
double  ajoutera  a  la  valeur  du  present  volume  et  que  le  rapport  d’evahiation  technique  (TER)  repondra  aux  attentes  de  ceux  qui 
( herchent  une  revue  abregM  du  symposium  et  des  discussions  s’y  rattachant,  en  lant  que  version  condense  de  la  conference.  11 
pourra  aussi  servir  de  guide  au  lecteur,  en  Taidant  a  identifier  certaines  communications  qui  meriieraient  une  attention 
particuliere  de  sa  part. 

Le  TER  comprend  un  rnume  qui  sert  a  la  fois,  d’evaluation  globale  de  la  reunion,  de  revue  des  plantations  individuelles  et, 
enfin.  0^  sommaire  des  discussions  qiu  ont  eu  lieu  icm  de  la  table  ronde  qui  a  cloture  cette  manifestation.  Le  rapport 
d'evaluation  technique  est  suivi  des  communications  present's  en  version  integrate  el  le  manuscrit  des  discussions  de  la  table 
ronde. 
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1.0  EXECUTIVE  SUMMARY 

The  purpose  of  this  symposium,  as  suggested  by  its 
title,  'Maneuvering  Aerodynamics,’  was  to  present  a 
variety  of  technical  papers  with  a  focus  on  aerodynamics 
and  related  subjects  that  ate  important  to  improve  the 
ability  of  fighter  aircraft  and  missiles  to  maneuver 
effectively  in  combat  Implied  in  this  theme  is  a 
particular  emphasis  on  high.angle-of-attack 
aerodynamics. 

I. 1  Introduction 

The  organizer  and  chairman  of  the  symposium.  Dr.  K. 

J.  Orlik-Riickemann,  set  the  tone  of  the  meeting  with 
his  opening  background  comments.  He  identifled  a 
numter  of  technical  elements  that  will  require  special 
attention  in  the  future  in  order  to  meet  the  challenges  of 
the  1990's  and  beyond  with  more  advanced  and  highly 
agile  aircraft  and  missiles. 

A  summary  of  his  opening  comments  is  appropriate 
here  to  set  the  tone  for  the  following  review  and 
discussion.  Dr.  Orlik-RQckemann  suggests  the 
following  topics  to  be  considered  in  our  future  effmts  to 
advance  the  state  of  the  technology  for  maneuvering 
aircraft,  which  implies  high  angle  of  attack  rapid 
maneuvers. 

(A)  Flying  At  High  Angles  of  Attack  and  Non-Zero 
Sideslip 

-  Strongly  separated  flows 

-  Foiebody  and  bading^dge  vortices 

-  Vortex  burst,  flow  interactions, 
andbufiet 

-  Unsteady  flow,  time  lags 

-  Asymmetric  flows 

-  Aerodynamic  cross-coupling 

-  Strong  nonlinearities 

(B)  Performing  Rapid  Angular  Motions 

-  High  angular  rsaes 

-  Large>aropliliide  motions 

-  Tianstenlmaneiiven 

•  Mdlian-hidaced  aerodynamic  effects 

-  Dynamic  lift  and  siaU 

-  Ponbody  vonexconiiol 

-  LeaiSng-eilieflowoonrol 

-  Advanced  eaperimemal  and 
compaiational  methods 


(C)  Expanded  Aerodynamic  Data  Base 

-  Analytical  and  computational 
predictions  geneiaUy  not  available 

-  Reliance  on  experimental  methods 

-  Increasing  role  of  dynamic  data 

-  Both  oscillatory  and  rotary 
experiments  needed 

-  Interference  effects 

-  Complex  motions 

-  Linear  vs  nonlinear  techniques 

-  Better  understanding  of  flow  physics 
(detailed  flow  measurements) 

-  Effects  of  Re,  M,  rotation  rates,  etc. 

-  Cmrelation  with  flight  (sub-scale  and  full-scale) 

(D)  Enhanced  Aerodynamic  Controls 

-  Conventional  controls  ineffective 

-  Forebody  blowing  (jets,  slots),  suction 

-  Fcreixjdystrakes  (conformal,  flat,  chines,  etc.) 

-  Moving  canard  surfaces 

-  Leading-edge  blowing 

-  Active  controls 

(D)  Unorthodox  Configurations 

-  Strong  configuration  dependence 

-  Canards  (closely  coupled) 

-  Three-surface  configurations 

-  High-finoiess  ratio  fuselage 
andforebodies 

-  Highly-swept  wings 

-  Vertical  laiKs)  -  tail  buffet 

(E)  Mathematical  Modelling 

-  Prediction  of  dynamic  behavior 

-  Aiiciaft  design  andAar  modifications 

-  Design  of  flight  control  systems 

-  Input  10  flight  simulators 

-  Planning  flight  tests 

-  Estimation  of  aerodynamic 
parameters 

While  not  all  of  these  are  addressed  in  this  symposium, 
many  of  them  are  subjects  of  active  research  and  will  be 
discussed  in  the  symposium  review  and  commcniaty. 

1.2  Conference  Summary 

The  range  of  sifejects  presmimd  in  this  sympomum 
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suggests  that  there  is  a  broad  technology  base  that  must 
be  addressed  in  order  to  develop  fighter  aircraft  and 
weapons  that  will  have  improved  agility  and 
maneuverability.  Agility  is  often  associated  only  with 
maneuvering  in  the  post-stall  flight  regime.  Wl^  the 
post-stall  regime  is  an  important  part  of  an  enhanced 
flight  envelope  and,  perhaps,  the  regime  we  know  the 
least  about,  it  is  not  the  only  arena  of  interest. 
Improved  combat  tactics  that  rely  on  increased  control 
power  and,  therefore,  increased  maneuverability  or 
agility  are  not  solely  dependent  upon  the  ability  to 
operate  in  the  post-stall  regime.  Current  aircraft  are 
generally  limited  to  angles  of  attack  below  their 
maximum  lift  capability  because  of  a  lack  of 
lateral/directional  stability  or  controllability  in  yaw  or 
pilch.  There  are  exceptions,  but  all  existing  fighter 
aircraft  lack  controllability  at  high  angles  of  attack 
because  of  the  ineffectiveness  of  conventional  controls. 
If  this  envelope  can  be  expanded  to  angles  of  attack  near 
maximum  lift,  and  if  there  is  also  adequate  control 
power  for  increased  maneuverability,  significant  tactical 
advantage  in  combat  will  be  realized. 

The  symposium  covered  a  broad  range  of  topics  grouped 
into  the  following  categories  for  discussion  in  the 
review  of  the  individual  papers:  (1)  Basic 
Experiments/Basic  Research  Conflgurations  with  High 
Amplitude  Motions,  (2)  Forced-Oscillation  and  Rotary- 
Balance  Test  Techniques,  (3)  Experiments  on 
Operational  /  Experimental  Aircraft  Configurations,  (4) 
Aerodynamic  Prediction  and  Parameter  Estimation 
Method  (S)  Forebody  Vortex  Control  Technology,  (6) 
Flight  Mechanics  and  Stnicti'^  Considetalions,  arid  (7) 
Flight  Tests  of  the  X-3IA.  It  is  also  convenient  to  use 
this  grouping  as  a  flamework  for  the  review  comments 
on  the  meeting  as  a  whole. 

In  the  past,  static  and  dynamic  wind  tunnel  tests  using 
small-amplitude  oscillation  techniques  were  sufficient  to 
determine  the  aerodynamic  chartcteristics  of  aircraft 
configurations  under  development.  The  primary  purpose 
for  forced-oscillation  tests  was  to  det^ine  dynamic 
stability  characteristics.  This  was  in  an  era  wbm  the 
objective  was  to  acquire  a  high  mstainad  turn  rate  and  a 
low  sustained  turn  radius  and  to  have  dynamic  stability 
sufficient  to  damp  any  perturbations  to  the  steady 
motion.  Modern  combm  tactics,  however,  place  more 
emphasis  on  maneuverability  and  achieving  awined  or 
insuntaneous  turn  rate  and  the  ability  to  point  and 
shoot,  not  necessarily  to  close  on  the  unget  him  a  tear 
positian,  where  susUuned  torn  rate  and  small  turn  radios 
were  the  key  facton.  The  potential  for  using  modern 
weapons  such  at  all-aspect  01  missOes  from  nearly  any 
position  requires  an  aircraA  that  can  change  the 
maneuver  pim  at  will  and  can  acquire  the  tnrget  before 
his  opponent.  The  maneuvers  to  accomplish  this 
require  a  greatly  expanded  flight  envelope  and 
aerodynamic  control  cqiability. 

1.2.1  Basic  Experiment^teearch  Configurations 

In  order  to  appwciafo  dm  aerodynamic  phenomena  that 
are  fundamental  to  the  successful  developmem  of  highly 
agde  aircfaft,  h  is  necestwy  to  acquire  a  fandmeMal 
knowledge  of  the  flmd  medianics  eaaociated  whh  this 
night  regime.  This  can  best  be  accomplished  by 


beginning  with  experiments  and  related  computations 
using  simple  configurations.  Until  recently,  there  was 
a  lack  of  complete  undenstanding  of  (he  aerodynamics  of 
even  simple  configuratioiis  undergoing  the  high  rates  of 
rotation  associated  with  hi^-agility  maneuvers. 

As  outlined  by  the  symposium  chairman,  there  are 
many  areas  that  will  require  increased  emphasis  if  we  ate 
to  achieve  the  goal  of  increased  agility  for  present  and 
future  fighter  aircraft.  Understanding  high  angle-of- 
attack  flows,  both  steady  and  unsteady  components,  is 
essential.  There  are  many  organizations  who  are 
performing  experimental  and  computational  research 
programs  to  increase  our  understanding  of  the 
fundamental  flow  physics,  and  in  particular,  of  the 
impact  of  high  rate  motions  on  the  interaction  of  the 
configuration  and  the  surrounding  flowfleld.  There  are 
several  papers  in  this  symposium  on  studying 
aerodynamic  phenomena  associated  with  simple  delta- 
type  wing  planforms  undergoing  high-amplitude  pitch 
^  roll  motions,  using  flow  visualization  and  force  and 
pressure  measurements.  Papers  3,  8,  and  10  provide 
some  very  good  insight  into  the  complex  time- 
dependent  flowflelds  that  must  be  appreciated.  The 
effects  of  time  lags  associated  with  vortex  breakdown 
are  especially  important.  Delays  in  the  flowfleld 
response  to  airframe  motions  must  be  accounted  for  in 
modeling  the  aerodynamics  for  simulation  and  for 
prediction  of  flight  characteristics. 

Experiments  with  simple  models  must  be  continued  for 
acquiring  the  basic  understanding  essential  for  the 
development  of  adequate  prediction  methods  and  for 
assessing  the  magnitude  of  the  unsteady  or  time-lag 
effects.  It  is  aiso  important  to  expand  these  effmis  to 
more  realistic  configurations,  where  there  are  more 
complex  interactive  flowflelds  with  vortices  from 
fotebodies,  wiiig  leading-edge  extensions  or  canards,  iuid 
the  wing. 

1.2.2  Forced-Oscillation  and  Rotary-Balance  Test 
Techniques 

One  of  the  tequiieinems  for  acquiring  appropriate  data  to 
represent  the  dynamic  as  well  as  static  aerodynamics  is 
to  be  able  to  perform  the  proper  wind  tunnel 
experiments.  The  developmem  ^  new  test  techniques 
and  test  facilities  is  essential  in  older  to  determine  the 
appropriate  parameters.  This  is  reflecfod  in  the  increased 
emphasis  to  perform  dynamic  experiments  besides  the 
standard  small-amplitude  forced-oscillaiioD  rotational 
motions  around  the  pitch,  roll,  and  yaw  axes  to  acquire 
dynamic  stability  derivatives. 

Many  reseatcfaeis  have  developed  capabilities  for  high- 
ami^tude  ramp  motions  in  pitch  (pipen  3,  8,  and  10 
are  examples)  to  simulaie  rapid  |ritcb-np  and  |ntch-down 
maneuven.  Others  have  developed  large-ampUmde  roll 
oscillation  rigs  to  determine  (he  noaUnew  raio  response 
characteristics  to  higb-amplitude  and  high-nte  roll 
motions  (Papers  3  and  7).  Thero  is  also  increasing 
interest  in  the  effects  of  unsteady  amodynamic 
components  associated  with  hi^  rales  of  chan^  of 
angle  of  attack  and  sideslip  aand&  or  the  aiMmlled 
tianslatiaaal  or  plunging  eSbcu  (nper  No.  9  is  an 
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example).  For  conventional  maneuvers  at  low  angles  of 
attack,  the  rotational  effects,  i.e.,  pitch  rate  (q)  and  yaw 
rate  (r)  are  considered  to  overshadow  the  unsteady  a  and 
p  effects  and  they  can  be  ignored  it.  simulation  models. 
This  does  not  appear  to  be  the  case  for  the  more 
aggressive  maneuvers  associated  with  high-agility 
aircraft.  Testing  capability  to  acquire  the  unsteady 
effects  directly  ate  being  developed. 

With  the  importance  of  nonlinear  terms  (variation  of  the 
aerodynamic  coefficients  with  angle  of  attack  and 
sideslip  and  rotation  rates),  it  is  more  important  to 
develop  testing  techniques  that  are  close  to  producing 
the  motions  of  interest,  where  superposition  of 
individual  experiments  assuming  linearity  can  no  longer 
be  used.  This  also  presents  formidable  problems  in 
how  to  mathematically  represent  the  aerodynamic 
reactions,  both  for  data  reduction  purposes  and  for 
inclusion  in  aerrxlynamic  models  for  simulation.  One 
of  the  most  difficult  challenges  is  to  model  the  time-lag 
responses  of  the  aerodynamic  coefficients  to  the  airframe 
motion  variables.  These  are  dependent  upon  motion 
frequency  and  amplitude,  and  often  contain  hysteresis 
effects.  Developing  techniques  for  measuring  dynamic 
hysteresis  effects  and  modeling  them  properly  are  one  of 
the  toughest  challenges  of  the  future,  but  in  the  new  era 
of  highly  nonlinear  aerodynamics  the  challenge  must  be 
met  if  we  are  to  reliably  determine  the  aerodynamic 
response  of  future  fighter  configurations. 

In  addition  to  the  unsteady  aerodynamics,  steady 
aerodynamics  in  the  presence  of  a  pure  rotational 
motion  about  the  velocity  vector  (loaded  roll)  or  a 
rolling  motion  around  the  flight  path  are  also  of  prime 
interest.  In  the  past,  a  conventional  maneuver  to 
change  the  maneuver  plane  would  be  to  pitch  down  to 
near  zero  angle  of  attack,  where  roll  capability  is 
maximum,  roil  to  the  desired  roll  position  or  tank 
angle  and  then  pitch  up  to  the  appropriate  angle  of 
attack  to  either  hold  a  target  in  view  or  to  turn.  In  a 
high-agility  aircraft,  this  maneuver  would  be 
accomplish^  by  rolling  directly  around  the  velocity 
vector  without  decreasing  angle  of  attack.  This  motion 
is  essentially  the  same  motion  as  a  spin  motion,  except 
it  is  controlled  rather  than  out-of-control.  The 
rotational  flowfield  is  the  same,  and  can  be  reproduced 
in  the  wind  tunnel  by  a  rotary-balance  apparatus. 

Rotary-balance  experiments  were  used  primarily  in  the 
past  to  determine  the  aerodynamic  coefficients  of  aircraft 
configurations  in  a  spin  motion  in  order  to  predict 
equilibrium  spin  conditions  and  spin  recovery 
techniques.  This  apparatus  is  now  a  key  experimental 
apparatus  to  ascertain  the  aerodynamics  of  a  controlled 
loaded  roll  maneuver.  The  aerodynamic  coefficienis  are 
typically  very  nonlinear  with  rotation  rate  in  roll  around 
the  velocity  vector  and  cannot  be  determined  properly  in 
a  rotational  motion  around  the  airplane  body  axes.  This 
test  technique  is  in  active  use  in  many  NATO  countries. 
AGARD  Advisory  Report  26S  documenting  the  work 
by  AGARD  Working  Group  11  on  Rotary-Balance 
Testing  for  Aircraft  Dynamics  describes  in  detail  the 
apparatuses  and  test  methods  of  all  of  the  participating 
countries. 

A  discussion  of  new  forced-oscillalion  test  techniques  is 


presented  in  Paper  No.  9,  and  recent  experiments 
conducted  with  rotary-balance  aiqiaratuses  ate  presented 
in  Papers  6  and  1 1.  The  effects  of  ccHnponent  buildup 
and  an  attempt  to  simulate  higher  Reynolds  number  on 
a  trainer  configuration  in  a  rotary  motion  are  described 
in  Paper  No.  6.  A  unique  rotary-balance  apparatus 
which  also  measures  oscillatory  terms  is  discussed  in 
Paper  No.  11. 

1.2.3  Experiments  on  Operational/Experimental 
Aitciafi  Configurations 

Unsteady  aerodynamics  associated  with  high  angle  of 
attack  flight  conditions  can  have  an  impact  on  the 
structural  integrity  of  an  aircraft  as  well  as  its 
performance.  Configurations  with  twin  vertical  tails 
suffer  from  rather  severe  buffeting  driven  by  the 
unsteady  flowfield  produced  by  bursting  vortices  from 
the  wing  leading-edge  extensions.  The  F/A-lg  is  the 
best  know  example  of  this  problem.  While  a  fix  has 
been  adopted  for  the  F/A-I8,  it  is  important  to 
understand  the  fluid  mechanics  of  this  phenomenon  and 
how  to  avoid  it  in  future  aircraft.  Research  is  ongoing, 
including  flow  visualization  and  unsteady  force  and 
pressure  measurements  to  determine  the  important 
factors  that  influence  the  magnitude  and  frequency  of  the 
unsteady  loads.  Paper  No.  12  reviews  wind  tunnel  and 
water  tunnel  experiments  on  the  F/A-18  providing  some 
insig'  on  the  LEX  burst  phenomena  and  the 
relationship  to  tail  buffeting. 

The  X-3 1 A  experimental  aircraft  developed  by  Rockwell 
International  and  MBB  is  now  in  the  initial  stages  of 
flight  testing.  Paper  No.  13  provides  a  thoreugh 
discussion  of  the  design  process  and  wind  Uinnel  testing 
that  has  been  conducted  in  order  to  support  the 
develtqiment  of  this  unique  airplane.  This  aircraft  was 
developed  speciflcally  to  demonstrate  the  technical 
feasibility  and  tactical  utility  of  high  AOA 
maneuvering. 

1.2.4  Aerodynamic  Prediction  and  Parameter 
Estimation  Methods 

The  prediction  of  the  aerodynamic  characteristics  of 
fighter  aircraft  at  high  angles  of  attack  is  a  difficult  task. 
While  some  CFD  methods  have  shown  success  in 
computing  the  steady  flow  characteristics  around  actual 
aircraft  configurations  such  as  the  NASA  study  of  the 
F/A-18,  there  are  no  reliable  computational  methods  to 
calculate  the  highly  separated  flows  associated  with 
aircraft  at  high  angles  of  attack,  particalarly  unsteady  or 
rate  dependent  flowfields.  Many  researchers  are 
working  to  develop  methods  that  can  be  used  in 
preliminary  design  to  estimate  the  aerodynamic  forces 
and  moments  associated  with  high  angles  of  attack. 
One  of  the  challenges  is  to  accommodate  the 
complexity  of  separated  and  vortex  flows,  even  for  static 
cases.  An  even  more  complex  problem  is  how  to 
represent  the  dynamic  effects,  particularly  since  these 
eflects  ate  mote  prominent  than  ever  before,  because  of 
the  high  rotation  rates  associated  with  increased  tv'Uty- 
type  motions.  Papers  No.  5  and  7  discuss  some  of  the 
pr^lems  and  proposed  methods  for  dealing  with  them. 
Paper  No.  14  describes  an  investigatioa  of  a  method  to 
extract  nonlinear  aerodynamic  coefficients  from  flight 
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test  data,  which  will  be  required  if  we  are  to  be  able  to 
compare  flight  lest  derived  aerodynamics  to  wind-tunnel 
test  resulls  or  predictions. 

1.2.5  Fdtebody  Vortex  Control 

Controllability  requirements  at  high  angles  of  attack 
(high  AOA)  are  diflicult  to  meet  with  conventional 
control  surfaces.  Odter  techniques  are  being  evaluated 
for  iiKreased  control  power  at  high  AOA,  such  as  thrust 
vectoring  and  forebody  vortex  control.  One  of  the 
potential  advantages  of  for^iody  vortex  control  is  that 
the  forebody  vortices  became  stronger  as  angle  of  attack 
increases  in  contrast  to  the  available  control  power  from 
conventional  control  surfaces  such  as  the  rudder  which 
is  decreasing.  One  of  the  requirements  for  a  highly 
agile  aircraft  at  high  angles  of  attack  is  robust  yaw 
control,  which  translates  into  robust  roll  control  around 
the  velocity  vector.  Several  methods  of  vortex  control 
are  described  in  this  symposium  in  Papers  IS,  16  and 
17  including  pneumatic  techniques  such  as  blowing  and 
suction  and  rotatable  miniaturized  forebody  tip  strakes. 

The  state  of  the  art  of  forebody  vortex  control  is 
advancing  rapidly.  Forebody  strakes  and  possibly 
blowing  slots  or  jets  are  planned  for  flight  evaluation  in 
the  future  on  the  NASA  F/A-18  HARV.  FuU-scale 
wiitd  tutuiel  tests  are  in  progress  at  NASA  Ames  on  an 
F/A-18  aircraft  in  the  Ames  80  x  120-ft  wind  tunnel  to 
evaluate  not  only  the  baseline  aerodynamic 
characteristics  at  full-scale  Reynolds  numbers,  but  to 
measure  the  aerodynamic  forces  and  moments  created  by 
forebody  strakes,  forebody  aft  blowing  jets  and 
tangential  slots.  Sub-scale  wind  tunnel  tests  are 
continuing  as  well  with  several  configurations  including 
the  F/A-18,  F-16,  X-29A  and  generic  configurations  to 
further  advance  the  state  of  forebody  vortex  technology. 
This  area  of  research  has  significant  interest  in  many 
NATO  countries  because  of  its  potential  benefits  for 
high  angle  of  attack  control. 

Thrust  vectoring  is  another  means  of  producing  pitch 
and  yaw  control  power  and  this  technique  was  discussed 
briefly  in  the  context  of  its  application  to  the  X-31A 
experimenuil  aircraft  in  Paper  No.  2.  Flight  tests  are 
alro  underway  at  present  with  the  F/A-18  HARV  at 
NASA  Ames  Dryden  Flight  Research  Center  to 
investigate  the 'benefits  of  thrust  vectoring.  A 
modification  to  the  flight  test  airplane  provides  for 
thrust  vectoring  both  in  pitch  and  yaw.  It  seems  likely 
that  some  combinatioa  of  forebody  vortex  control  and 
thrust  vectoring  will  be  used  in  the  future  for  the 
required  levels  of  controllability. 

1.2.6  Flight  Mechanics  and  Structural  Consideratioiis 

Papers  were  invited  from  the  ACARD  Flight  Mechanics 
Panel  and  the  Structures  and  Materials  Panel  to  discuss 
die  impact  of  increased  maneuverability  requirements  on 
these  two  technology  areas.  Papers  18  and  19  discuss 
these  subjects.  One  of  the  probl^  is  lo  transfonn  the 
flight  mechanics  design  retputemenis  into  aetodynamic 
characteristics,  particulariy  with  the  inclusion  of 
dominmit  dynamic  effects.  In  the  past,  many  of  the 
dynamic  lefins  were  sufficiently  small  compared  to  the 
static  terms  in  the  equations  of  motion  that  they  could 


be  ignored.  At  high  angles  of  attack  with 
accompanying  high  rates  of  motion,  the  dynamic  terms 
cannot  be  ignored.  It  is  difficult  to  predict  the  flight 
mechanics  behavior  based  solely  on  static  aerodynmnic 
coefficients  when,  in  fact,  the  actual  flight  behavior  is 
heavily  dependent  on  dynamic  contributions  and 
automatic  control  system  augmentations  to  the  basic 
aerodynamics.  It  has  become  increasingly  impoitani  for 
the  aerodynamicist,  the  flight  mechanicist  and  the 
developer  of  the  automatic  flight  control  system  to 
work  together  in  the  preliminary  design  and 
development  stages. 

It  has  also  become  imperative  to  include 
aeroservoelastic  effects  in  the  evaluation  of  the  stability 
of  an  airframe  at  high  angles  of  attack.  Methods 
employed  for  low  angles  of  attack  which  depend  on 
Un^  unsteady  aetodynamic  theory  associated  with  level 
flight  will  not  be  adequate.  Paper  No.  19  discusses  a 
possible  methodology  to  predict  nonlinear 
aeroservoelastic  contributions. 


1.2.7  Flight  Tests  of  the  X-31A 

A  review  of  the  development  of  the  X-31A  flight 
simulation  and  an  update  of  the  flight  lest  program  was 
presented  in  Paper  No.  2.  Performance  levels  were 
discussed  and  the  dependency  of  the  combat  benefits  on 
high  agility  and  accompanying  high  angle  of  attack 
flight  are  evaluated.  TOs  program  will  provide  an 
opportunity  to  compare  flight  test  and  wind  tunnel 
results  in  a  flight  regime  that  has  never  been  compared 
before.  Essential  will  be  the  ability  to  record  and 
anal^  flight  test  data  that  can  be  us^  to  compare  to 
predictions,  where  they  exist,  and  wind  tunnel  data.  It 
is  not  clear  how  well  dynamic  data  can  be  extracted  from 
X-3IA  flight  tests.  Nor  is  it  clear  whether  the  X-31A 
flight  simulation  model  has  incorporated  the  appropriate 
dynamic  terms  associated  with  the  fiee-flight  motions. 
Careful  analysis  of  the  flight  test  data  for  dynamic  data, 
particulariy  time  lags  and  hysteresis,  should  be  done  to 
shed  some  light  on  how  important  these  terms  really  are 
in  full-scale  flight 


1.2.8  General  Comments 

There  is  widespread  interest  in  "maneuvering 
aerodynamics”  and  all  of  the  technology  disciplines  that 
relate  to  highly  agile  aircraft  This  symposium  focused 
primarily  on  the  aerodynamic  aspects  of  highly  agile 
aircrafl  and  was  very  timely  and  very  valuable.  The 
next  generation  of  aircraft  will  likely  include 
specifications  for  significantly  increased  agility,  both 
for  offensive  and  defensive  combat  tactics.  It  will  be 
very  important  that  the  aircraft  designer  have  as  much 
information  available  to  him  as  possible  during  the 
early  stages  of  development  Continuing  the  process  of 
sharing  technology  in  this  area  through  timely 
sympo^  or,  perh^,  working  group  activities  should 
result  in  the  ability  to  design  better  aircraft  in  the 
future.  AGARD  symposia  such  as  this  should  be 
continued,  at  least  every  three  years,  to  support  the 
process  of  developing  improved  prediction  and 
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experimeiual  methods  pettiiiem  to  high-angle-of-attack, 
hi^-maneuverability  flight. 

2.0  REVIEW  OF  PRESENTED  PAPERS 

The  confeience  program  and  presentations  were 
generally  organized  around  three  general  topics,  (1)  Hi^ 
Angie  of  Attack  Aerodynamics,  (2)  Dynamic 
Experiments,  and  (3)  Stability  and  Control.  The 
primary  purpose  of  this  technical  review  is  not  to 
systematically  critique  each  paper  and  pass  judgement 
on  its  relative  quali^  or  importance,  llte  teal  purpose 
is  to  point  out  the  mote  relevant  points  made  by  each 
paper  in  the  overall  context  of  "maneuvering 
aerodynamics'  including  the  relatioa  of  the  papers  to 
each  other,  and  to  offer  some  comments  and  (Hussion 
related  to  the  open  session  following  the  formal 
presentation  of  the  papers. 

In  this  review,  each  of  the  papers  will  be  discussed 
briefly  but  not  in  the  same  order  as  they  were  presented. 
The  purpose  is  not  to  critique  or  Judge  them 
comparatively,  but  to  provide  a  brief  summary  of  the 
contents  to  make  the  technical  evaluation  reasonably 
self-contained.  An  attempt  is  made  to  group  them  more 
closely  by  subject  and  to  provide  a  general  view  of  the 
work  that  has  been  performed. 

2.1  Basic  Experiments/Research  Configura¬ 
tions  with  High  Amplitude  Motions 

Papers  were  presented  by  three  authors  with  the  basic 
objective  of  understanding  the  flow  physics  on  simple 
delta  or  double-delta  wing  configurations  undergoing 
high  amplitude  oscillatory  motions  either  in  pitch  or 
roll. 

Paper  No.  3.  by  Nelson,  Arena  and  Thompson 
(Notre  Dame  University,  USA)  examined  the 
fundamental  flow  dynamics  in  wind  tunnel  tests  of  a 
simple  70°  delta  wing  undergoing  pitch  oscillations 
from  0°  to  60°  and  an  80°  delta  wing  undergoing  a  limit 
cycle  toll  oscillation  (wing  rock).  The  experiments 
provided  measurements  of  aerodynamic  loads,  surface 
pressures,  and  flow  visualization  with  measurements  of 
vortex  position  and  vortex  breakdown  location  as  a 
function  of  the  model  motion.  The  primary  purpose 
was  to  understand  the  relationship  between  the  motion 
of  the  model  and  the  characteristics  of  the  flowfield  in 
response  to  the  motion.  The  pitch  experiments  were 
designed  to  investigate  hysteresis  in  the  positions  of  the 
letKling  edge  vortex  cores  and  vortex  breakdown 
locations  rdative  to  static  locations  observed  on 
configurations  undergoing  large-amplitode  oscillatory 
motions.  Previous  work  had  concluded  that  for 
uiuteady  motions,  where  btetdtdown  is  not  present,  the 
aerodynamic  characteristics  behave  in  a  quasi-static 
manner.  However,  for  ranges  of  amplitudes  where 
breakdown  is  presemover  the  wing,  hywretic  behavior 
is  observed  resulting  in  substantial  overshoot  in  the 
aerodynamic  forces  fo  oscillatory  or  iiansieni  pitching 
maneuvers.  The  interest  in  this  phenomenoa  is  to 
possMily  exploit  the  increased  lift  for  fatcteased  agility. 

The  resulta  of  these  cxperimenis  showed  Am  pitch 
oedUations  over  a  lawge  of  0*  to  3y  produced  viitiirily 


no  hysteresis  and  the  forces  and  pressures  fluctuated  in 
phase  wiA  the  pitching  motion,  the  reason  being  that 
the  leading  edge  vortex  burst  locations  were  aft  ^  the 
wing  trailing-^ge.  For  the  wing  oscillations  from  2° 
to  60°  large  overshoots  compared  to  the  steady  state 
values  of  normal  force  and  upper  surface  suction 
pressures  were  observed  on  the  upstroke  and  large 
undershoots  on  the  downstroke.  The  amount  of 
overshoot  increases  with  increased  frequency  of 
oscillation.  The  paper  shows  detailed  pressure 
distributions  in  both  ch^wise  and  spanwise  directions 
with  oscillation  amplitude,  illustrating  the  movement 
of  the  vortex  core  position  wiA  model  motion. 

The  experiments  conducted  on  the  80°  delta  wing 
revealed  important  information  about  the  causes  of  wing 
rock  motions.  Experiments  show  that  Ae  variation  of 
the  leading  edge  vortex  core  position  above  the  wing 
wiA  roll  angle  varies  considerably  comparing  a  static 
wing  to  one  undergoing  roll  oscillations.  The  dynamic 
positions  of  Ae  vortices  exhibit  a  time  lag  phenomenon 
which  account  for  hysteresis  effects.  The  position  of 
Ae  vortex  above  the  wing  greatly  affects  Ae  wmg 
pressure  distribution  and,  consequently,  the  rolling 
momenL  The  time  lag  m  the  normal  position  (above 
Ae  wing)  of  the  wing  vortices  wiA  respect  to  the  static 
position  is  Ae  primary  cause  for  wing  rock.  Since 
wing  rock  can  occur  when  vortex  breakdown  is  behind 
Ae  wing,  vortex  breakdown  is  not  the  cause  of  wing 
rock.  In  fact,  it  is  observed  that  vortex  breakdown 
actually  provides  a  damping  moment,  resulting  m  Ae 
required  dampmg  to  limit  the  buildup  in  roll  oscillation 
amplimde. 

Paper .  No.  10.  by  Torlund  (FFA,  Sweden)  also 
investigates  Ae  effects  of  pitch  motions  on  a  delta 
wing.  He  conducted  wind  tunnel  experiments 
measuring  forces  and  moments  and  using  flow 
visualization  on  a  60°  delA  wing  in  oscillation  and 
stepwise  motions  and  in  gusts.  Time  histories  and 
aei^ynamic  derivatives  of  the  normal  force  and  pitching 
moment  were  measured  for  Ae  oscillatory  motions  in 
pitch  wiA  4°  and  8°  amplitudes  at  0°  A  3S°  angle  of 
attack.  Stqtwise  motions  up  A  90°  angle  of  attack 
wiA  boA  positive  and  negative  steps  of  'Bf  starting  at 
1 0°  angle  ix  attack  and  the  full  90°  m  one  step  were  also 
mvestigated.  Responses  A  the  stepwise  motions  were 
compared  A  those  predicted  from  Ae  results  of  the 
oscillation  tests.  Th^  correspond  well  for  Aw  angles 
of  attack  but  differ  significantly  at  modenue  A  high 
angto  of  attack.  Long  time  delays  (up  A  30  A  40 
chord  passages  of  the  flow)  in  the  formation  of  the 
leading-edge  vortices  and  m  the  accompanying  normal 
force  and  piAhing  moment  result  when  the  dynamic 
motion  passes  the  angA  of  attack  where  the  vortex  burst 
location  reaches  the  model  apex  at  a  steady  staA 
condition.  The  amount  of  the  delay  is  strongly 
dependent  on  the  reduced  frequency  of  the  motion. 

Results  from  gust  experiments  were  compared  A  results 
from  the  stepwise  motions  and  similar  time  dtiays  were 
observed.  The  conAination  of  these  two  experiments 
provide  the  potential  frtr  means  A  sqwaie  i  and  q 
effects.  Resnitt  ^ipetsr  m  be  rdativdy  independent  of 
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Reynolds  number  differences.  A  more  detailed 
understanding  of  the  effects  of  the  time  delays,  such  as 
hysteresis,  can  be  obtained  by  consulting  the  paper. 
The  important  message  litxn  these  experiments  is  the 
appteciatkn  of  the  long  time  delays  that  are  encountered 
in  high  amplitude  motions  that  cannot  be  predicted  on 
the  basis  of  small  amplitude  oscillatory  data.  The 
nonlineaiities  and  hysteresis  effects  can  only  be  assessed 
by  testing  the  model  in  the  angle  of  attack  and  rotation 
rate  combinations  that  are  of  interest 

Pancr  No.  8.  by  Cunningham  (General  Dynamics, 
USA)  and  den  Boer  (NLR,  Netherlands)  is  the  latest 
paper  in  a  series  deling  with  the  results  from  an 
extensive  and  detailed  set  of  experiments  in  the  NLR 
2.2Sm  X  3.0m  Low  Speed  Tunnel  on  a  pitching  straked- 
wing  (double-delta  with  76°  and  40°  sweep)  model.  The 
model  was  oscillated  about  mean  angles  of  attack 
ranging  from  -4°  to  48°  with  amplitudes  varying  from 
2°  to  18°,  including  some  experiments  at  sideslip  angles 
of  -S°  and  +3°.  Fbrce,  pressures  and  flow  visualization 
data  were  obtained.  A  unique  method  of  simultaneously 
displaying  pressure  and  flow  visualization  data  was  used 
to  enhance  the  understanding  of  the  flow  physics, 
particularly  the  relationship  between  the  off-surface 
flowfield  and  the  surface  pressures,  during  the 
oscillatory  motions.  A  large  matrix  of  mean  incidence, 
amplitude  and  frequencies  were  tested  to  provide  for 
systematically  separating  the  effects  of  each  of  these 
parameters.  The  regions  of  linear  and  nonlinear  force 
and  moment  development  and  the  reasons  for  the 
differences  related  to  the  vortex  formation  and 
breakdown  ate  clearly  shown. 

In  the  mid-incidence  range  of  angle  of  attack  from  8°  to 
38°,  lag  in  vortex  bursting  on  pitch-up  or  the 
persistence  of  vortex  burst  on  pitch-down  was  shown  to 
signiflcantly  affect  the  pressure  distributions  and 
resulting  forces  tuid  moments,  including  evidence  of 
hysteresis  with  angle  of  attack  variatioiis.  For  the  high 
incidence  range  Gfom  22°  to  50°,  the  persistence  of 
vortex  burst  to  angles  of  attack  beyond  static  stall  was 
shown  to  be  responsible  for  dynamic  lift  overshoot  with 
pitch  up  and  persistence  of  stalled  flow  was  responsible 
for  dynamic  lift  undershoot  for  pitch  down.  Tests  at 
non-zero  sideslip  revealed  interesting  nonlinear  effects 
on  rolling  moment  coefficient.  This  paper  presents  an 
extremely  detailed  explanaiian  of  the  telatMnship  of  the 
flowfield  to  the  surface  pressures  and  farces  for  a  wide 
matrix  of  pitching  motion  variables  and  should  be  read 
in  detail  to  fully  appreciate  the  complexity  of  the 
flowfieMs  that  we  must  deal  with. 


2.2  Forced-Oscillation  and  Rotary-Balance 
Test  Techniques 

Three  pqiets  were  presented  describing  experiences  with 
a  new  forced-oscillation  apparatus  at  the  RAE  and  the 
challenges  of  measuring  aerodynamic  data  on  rotary- 
balaaoe  tigs  at  AerMaccM  and  ObffiRA. 

F— r  No.  by  OXeary  and  Weir  (RAE.  UK), 
preaents  and  discnsses  a  new  osctllaiary  rig  developed  at 


the  RAE  for  the  measurement  of  derivatives  due  to 
acceleration  in  heave  and  sideslip,  or  a  and  ^ 
derivatives.  Wind  timnel  tests  were  performed  with  die 
two  RAE  High  Incidence  Research  Models  (HIRM  1 
and  2).  The  paper  describes  in  some  detail  the  rig,  the 
models,  and  the  initial  tests  and  discusses  the  test 
resulu.  The  requirement  for  such  a  rig  is  based  on  the 
fact  that  with  swept  and  delta  wing  configurations 
flying  at  high  angles  of  attack,  there  is  an  increased 
importance  of  p  in  determining  the  directional  stability 
characteristics.  Rotational  experiments,  such  as  the 
traditional  forced-oscillation  experiments,  where  the 
model  is  oscillated  in  pitch  or  yaw  motions  cannot 
separate  the  effects  of  acceleration  and  rotation.  A 
separate  heaving  or  sideslip  motion  rig  is  required  to 
measure  a  and  ^  effects. 

The  piper  describes  the  operational  features  of  the  rig 
and  demonstrates  its  capability  with  a  presentation  of 
aerodynamic  data  on  HIRM  1  and  HIRM  2.  For  these 
configurations,  a  effects  are  small  for  angles  of  attack 
up  to  16°  regardless  of  the  reduced  frequency.  At  higher 
angles  a  effects  are  significant  but  decrease  in 
magnitude  with  increasing  frequency.  At  angles  of 
attack  up  to  25°  the  ^  effects  are  minor  but  at  higher 
angles,  similar  to  a,  the  effects  are  larger  but  decrease 
with  increased  oscillation  frequency.  The  paper 
discusses  the  effects  of  the  foteplanes  (canards)  and  the 
vertical  tail  (fm).  Comparisons  are  made  between  (1) 
the  results  from  typical  "rotruy"  experiments  which 
provide  combined  and  inseparable  acceleration  and  rate 
derivatives,  and  (2)  the  individual  acceleration  and  rate 
derivatives  determined  from  translational  oscillation 
experiments  and  'whirling-arm’  experiments, 
respectively.  For  these  experiments,  it  was  concluded 
that  p  effects  are  more  important  at  high  angles  of 
attack  than  for  low  angles  of  attack.  Serious 
consideration  should  be  given  to  including  these 
acceleration  derivatives  in  aerodynamic  mathematical 
models  of  combat  aircraft  for  simulation  and  for  flighL 

Paner  No.  6.  by  Visintini,  Fertile,  and  Mentasti 
(ACTMacchi,  Italy)  is  a  review  of  wind  tnrmel  test  data 
on  an  advanced  trainer  Gonfiguntion  with  the  purpose  of 
defliiing  and  understanding  die  aerodymmics  associaied 
with  h^  angles  of  attack  (to  90°)  lauding  effects  of 
model  conponent  buildup  and  forebody  fineness  ratio 
and  cross  section  shape.  Examples  ate  also  presrated 
related  to  complexities  of  high  angle  of  alUKk  wind 
tunnel  testing,  including  forebody  symmetries  and 
proMems  of  simnlating  Reynolds  number  widi  artificial 
ttansitiaa  strips.  Both  static  and  rotary-balance  test 
results  are  diacusaed. 

Componem  bmldip  (or  breakdown)  tens  showed  the 
dependence  of  static  stability  in  pilch  on  the  LEX  and 
body  “shelves"  and  the  importance  of  the  finebody  shape 
on  directioaal  stability.  Rotary  data  showed  two 
distinct  ranges  for  the  way  aesodynasnic  coefficients  vary 
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with  angle  of  attack.  In  the  20°  to  40°  range  the 
aerodynamic  data  show  uvular  and  Surly  linear  b^vior 
with  rolatian  rates,  which  means  the  aerodynamic  wind- 
axis  roll  characteristics  can  be  reasonably  well 
represented  by  roll  damping  derivatives,  at  least  at 
rotation  rates  near  zero.  Above  4S°  AOA,  however,  the 
wind-axis  rolling  moment  is  highly  unstable  and 
nonlinear,  dominated  by  fordtody  vonex  instability  and 
couplings  with  natural  fotebody  vortex  asymm^ry. 

The  primary  effects  of  forebody  shape  on  roll  damping 
appear  at  angles  of  attack  from  approximately  30°  to 
1&.  In  general,  the  main  contribution  to  hi^  AOA 
behavior  has  been  identified'and  for  the  class  of  shapes 
of  this  study  the  forebody  shape  is  of  utmost 
importance  only  above  40°  AOA.  Large  couplings 
occur  between  sideslip,  rotation,  and  longitudinal 
aerodynamic  coefficients.  For  this  class  of  airplane,  it 
appears  that  a  fotebody  of  circular  cross  section  leads  to 
minimum  pitching  moment  coupling  with  sideslip 
angle  and  roll  rale. 

Utilizing  transition  strips  to  simulate  high  Reynolds 
number  flows  on  flghier-class  aircraft  models  at  high 
angles  of  attack  has  been  investigated  and  variations  in 
the  wind  tunnel  data  for  common  coefficients  is 
substantial.  A  methodology  needs  to  be  developed  to 
make  use  of  this  capability  and  to  be  able  to  rely  on  it 
Most  tests  are  done  on  the  rotary  balance  without  any 
type  of  transition  strips. 

However,  most  tests  provide  data  obtained  at  Reynolds 
number  that  are  much  lower  than  flight  and  the 
experimenter  needs  to  be  cautious  in  the  manner  in 
which  they  are  exirapoiaied  to  flight  tesL  Mote  work 
needs  to  he  doiK,  in  general,  to  understand  if  and  how 
transitions  strips  can  be  used  to  simulate  higher 
Reynolds  numbM  conditioos,  particulatly  at  high  angles 
of  attack  where  the  fotebody  plays  a  dominant  role. 

Paner  No.  11.  by  Renter  (ONER A,  France) 
discusses  two  apparatuses  used  at  C^IERA  in  Lille  to 
perform  dynamic  tests  at  high  angles  of  attack.  One  is 
the  unique  rotary-balance  system  which  can  provide  the 
usual  totary-babnce  data  with  constant  angle  of  attadi 
luid  sideslip,  i.e.,  pure  rotational  motian  about  the  wind 
axis  and  alM  oscUlalory  data  by  using  the  capability  to 
incline  the  rotational  axis  of  the  apparatus  with  respect 
to  the  wind  axis,  thereby  producing  a  sinusoidal 
oscillation  in  angle  of  aiiaA  a^  sideslip  in  conjunction 
with  the  rotational  motion.  This  produces  unsteady 
forces  md  moments  in  the  presence  of  steady  force  and 
moment  contribntkms  resulting  from  the  rotation 
around  the  velocity  vector.  This  tectarique  provides  an 
altemaiive  approach  to  the  conventioi^  forced- 
oscillation  test  rigs  where  the  mialeady  aerodynamics 
result  from  smaU-amplitade  oscillations  in  a  planar 
motion,  similar  to  that  discussed  in  the  paper  by 
Oljeaiy. 

A  second  appsraiuscipsbte  of  producing  large  arapHtude 
oaciUalioas  or  ramp  motions  in  pitch,  yaw,  or  r^  waa 
also  described.  The  application  of  this  apparama  is  to 
utveatigate  dynamic  asrodyaamic  efibcia  of  ntotioas 
leiaHd  to  those  expected  ftom  Itigjbly  agile  aircialf 
wMch  win  resrii  fat  h^  aiViM  of  enack  aad  sMealip 


and  high  rales.  The  utilization  of  these  results  in 
aerodynamic  modelling  is  also  discussed. 

2.3  Experiments  on  Operalional/Experi- 
mental  Aircraft  Configurationt 

Two  papers  wme  presented  describing  experiments  on 
the  F/A-18  and  the  X-31A  configurations  over  a  large 
angle  of  attack  range.  The  discussions  include  both 
water  tunnel  and  wind  tunnel  results. 

Paner  No.  12.  by  Martin  and  Thompson  (ARL, 
Australia)  reviews  wind  turuiel  tests  to  investigate  the 
characteristics  of  tail  buffet  on  the  F/A-18  due  to 
bursting  of  the  leading-edge  extension  ^EX)  vortices 
and  water  tunnel  tests  to  visualize  the  LEX  vortices 
bursting  phenomena  with  and  without  a  LEX  fence, 
comparing  burst  location  with  measurements  from  wind 
tunnel  and  flights  tests  and  U>  determine  the  effect  of 
engine  inlet  flow  rate  on  the  LEX  vortex  burst  location. 

The  wind  tuimel  tests  used  surface  mounted  pressure 
transducers  on  the  wing  below  the  LEX  vortex  burst 
location  aixl  on  the  fin  (vertical  tail)  to  measure  the 
magnitude  arul  frequency  of  the  pressure  fluctuations 
associated  with  burst  phenomena.  The  burst  vortex 
contains  energy  over  a  moderately  narrow  frequency 
range  and  the  center  fiequency  is  liii^y  proportional  to 
the  free  stream  velocity.  The  vortex  burst  location 
moves  forward  and  the  burst  pressure  field  frequency 
decreases  with  increasing  angle  of  attack.  The  burst 
frequency  also  changes  when  the  fin  is  removed, 
showing  that  the  burst  characteristics  are  sensitive  to 
the  downstream  pressure  field,  i.e.,  whether  the  fin  is 
there  or  noL  Fin  bending  mode  response  is  strongly 
coupled  to  the  burst  frequency  with  maximum  fin 
response  occurring  when  the  burst  frequency  is  close  to 
the  natural  firequency  in  bending  of  the  fin. 

With  the  LEX  fence  in  place,  the  amplitude  of  the 
unaeady  presstnes  was  reduced  significantly,  while  the 
energy  is  spread  over  a  wider  frequency  range,  resulting 
in  reduced  fin  response.  Flow  visualization  showed 
there  is  liide  difference  in  the  location  of  vortex  burst 
but  that  there  is  a  second  vortex  emanating  from  the 
leading  edge  of  the  LEX  in  the  vicinity  of  the  fence. 
These  two  vortices  interact  and  burst  simuhaneously. 

Water  tunnel  tests  on  a  1/48-scale  F/A-18  model 
confirmed  the  location  of  LEX  vortex  burst  with  angle 
of  attack  and  also  showed  that  the  amount  of  flow  into 
the  engine  inlet  can  also  have  an  effect  on  the  vmtex 
burst  location,  with  the  verKx  burst  location  moving 
afi  with  increased  inlet  flow. 

Paper  Nn.  U.  by  Kraus  (MBS,  Germany)  discusses 
some  of  the  e«ty  canfiguration  definition  work  for  the 
X-3I  aircraft,  and  expmimenial  aircraft  developed  by 
Rockwell  and  MBB  K>  explore  the  high-angle-of-aiiack 
arena  pertinent  to  highly  agile  or  supetiaaneuveraUe 
fighien  of  the  future.  The  paper  reviews  leaulla  from 
ttatic  and  dynamic  wind  tunnei  teats  where  a  large 
matrix  of  configuration  components  waa  systematically 
evalaated,  TUa  airciaft  is  destined  to  have  aanal 
aerodynamic  sttMity  thnnihout  tte  ani^  of  attadt 
raive  (np  to  7(1°)  except  for  low  ingles  of  attack  where 
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it  is  Statically  unstAle  in  pitch  for  perfonnance  reasons. 
In  some  critical  regions  in  which  the  natural  stability 
cannot  be  achieved,  attiflcial  stability  is  provided  by 
moving  control  surfaces  with  sufficient  motion 
remaining  to  provide  sufficient  control  power  for 
maneuvers.  Static  wind  tuniwl  tests  were  conducted  on 
a  wide  variety  of  configurations  with  many  different 
wings,  tails,  canards,  vertical  fins,  ventral  fins, 
fordxxUes,  and  nose  and  inlet  strakes.  The  effects  of  all 
of  diese  configuration  variations  are  discussed. 

Djmamic  tests,  consisting  of  rotary-balance  and  free- 
spinning  tests  at  NASA  Langley  were  also  conthicted  to 
evaluate  the  stability  characteristics  in  a  rotational 
motion  and  comparisons  were  made  between  ptedichons 
of  spin  motions  based  on  rotary  balance  data  and  those 
obs^ed  in  the  free-spin  tests.  In  the  normal  flight 
regime  the  aircraft  is  well-damped  in  roll  and  yaw. 
Above  stall,  about  40”  AOA,  roll  and  yaw  stability 
decrease  and  become  undamped,  resulting  in  the 
possibility  of  departure  above  60°  AOA  with  an 
unaugmenied  airplane.  However,  with  roll  input 
controls,  the  autorotative  moments  can  be  counteracted. 
The  only  known  spin  condition  is  at  an  AOA  around 
86°.  Comparisons  between  predicted  spin  charactoistics 
and  those  observed  in  the  ^-flight  motion  in  the  spin 
tunnel  showed  very  similar  behavior.  Effects  of  wing 
trailing-edge  flap  deflection  and  canard  settings  on  the 
spin  characteristics  are  also  noted. 

2.4  Aerodynamic  Prediction  and  Parameter 
Estimation  Methods 

Two  papers  describing  work  on  prediction  of  nonlinear 
aerodynamic  characteristics,  including  unsteady  effects  at 
high  angles  of  attack  and  one  paper  describing  a  new 
approach  to  parameter  identification  methodology 
applicable  to  the  nonlinear  regime  of  high-angle-o^ 
attack  flight  are  discussed. 

Paner  No.  7.hv  Jenkins  (WL/FIGC.  USA)  and 
Hanff  (lAR,  Canada)  addressed  the  problem  of  how  to 
represent  die  highly  nonlinear  and  unsteady  airloads 
experienced  by  aircraft  configurations  nnderpiing  Imge 
amplitude  motions.  In  this  particular  study,  roll 
oscillations  are  the  focus.  The  study  presents  r^ts 
from  a  theoretical  investigation  and  experiments 
conducted  on  a  63°  delta  wing  in  high-amplitude  roll 
oscillations.  Non-linear  aerodynamic  response 
modelling  for  flight  mechanics  analyaes  requiies  that  the 
oscillmory  data  be  formulated  for  arbitiaiy  (unknown 
apiiori)  motions.  This  study  focuses  on  estaMishing 
die  relationship  between  die  nonlinear  indkial  reqxmse 
model  (the  time  domain  moiM  developed  by  Tobak, 
Chapman  and  Schiff)  and  the  reaction  hypemrfiKe 
model  proposed  by  Hanff.  Both  methods  can  handk 
aerodynamic  hysteresis  effects.  Both  have  certain 
advantages  to  the  flight  mechanicist  and  the 
aerodynamicist  imeiested  in  ftmdMieatal  physical 
phenomena.  The  objective  this  ppper  was  to  show 
that  the  hypemufhee  model  is,  in  ts^  a  special  case  of 
the  raiHcial  response  ittodeL 

The  reactian  hypersniihcc  represents  the  srtodynamir 
response  as  asarCHe  in  a  apace  defined  by  a  set  of 
orthopuenl  ones  where  the  indspendenc  wiaMes  ree  dre 


primary  motion  variaMes  and  their  time  derivatives,  and 
the  dependent  variable  is  one  td  the  six  force  and 
moment  coefficients.  No  assumptions  are  made 
regarding  the  linearity  of  the  response  to  the  motion 
variables.  This  study  concentrates  on  body-axis  rolling 
motions.  The  propnties  of  the  hypersurface  model  are 
studied  using  HanfTs  dynamic  force  and  moment  data 
from  a  rolling  delta  wing  model  which  contain  strong 
nonlinear  effects. 

A  preliminary  analysis  of  static  and  oscillatory  roll  data 
from  the  63°  delta  wing  experiments  at  30°  angle  of 
attack  indicates  that  despite  the  absence  of  static 
hysteresis  (in  the  variation  of  rolling  moment  with  roll 
angle)  the  corresponding  hypersurface  model  (in 
mathematical  form)  must  acknowledge  the  presence  of 
at  least  two  critical  points  in  the  static  tolling  moment 
curve  (at  angles  of  t-/-?”)  which  corresponds  to  a 
rapid  movement  of  the  leeward  wing  vortex-breakdown 
position  to  the  trailing  edge.  The  results  also  indicate 
that  a  hypersurface  in  at  least  four  dimensional  space 
(roll  angle  and  its  two  first  derivatives  and  tolling 
moment)  is  required  to  fully  represent  the  rolling 
response  for  the  case  studied.  Additional  tests  will  need 
to  be  studied  to  assess  the  impact  of  the  critical  points. 
An  extensive  set  of  forced-oscillation  tests  will  be  tun 
by  Hanff  in  the  Wright  Laboratory  7  x  lO-fl  Subsonic 
Aerodynamic  Research  Lab  (SARL)  tunnel  in  June  of 
1991. 

Paper  No.  5.  by  Ferretti,  Bartoli,  and  Salvatore 
(Aeritalia,  Italy)  addresses  the  problem  of  prediction  of 
some  of  the  aerodynamic  phenomena  leading  to 
degradation  of  aircraft  performance  in  the  high  subsonic 
regime.  The  study  focuses  on  two  kinds  of  wings, 
th^  with  moderate  sweep  angles  and  those  with  greater 
than  60°  sweep  (delta  wings).  The  moderately  swept 
wing  represents  the  case  with  "anached  flow”  degrading 
to  separated  when  shock-boundary  layer  interactions 
occur,  and  the  delta  wing  represents  "vortical  flow’ 
(separated  flow  at  the  leading  edge)  whose  onset, 
development,  and  bursting  is  ruled  by  the  surrounding 
flowfield.  In  both  cases,  however,  the  effects  on  aitCTaft 
aerodynamic  characteristics  are  felt  as  buffeting,  loss  of 
control  power,  and  uncommanded  pitch,  yaw,  and  roll 
motions  up  to  the  limit  of  the  aircraft  operational 
envelope. 

This  paper  presents  the  approach  to  both  of  these 
piobi^  by  Alenia  Aeronautica.  For  the  conventional 
wing  of  moderate  sweep,  it  is  well  known  that  trailing 
edge  divergence  (a  change  in  the  trailing  edge  pressure 
and  an  htcreaae  in  the  boundary-layer  thidn^)  marks 
the  onset  of  unsteady  effects  such  as  buffeting. 
Prediction  of  the  occurrence  of  trailing  edge  (fivergenee 
would  enable  a  predictioa  of  onset  of  buffet.  Analysis 
of  wind  tunnel  presaure  data  has  lead  10  a  criteria  that 
can  be  used  to  predict  bnffeL  The  basis  of  the 
prediction  method  is  to  utiliae  available  compuiatianfi 
codes  that  can  predict  te  presaure  distrAuiiatts  over  the 

whrgMiMiiwitilpcnwsniiwMilnaw 

of  tiaae. 

For  delta  wings,  featnrii^  realiaiic  rounded  toadhtg 
edges,  ififiilun  ftom  attached  flow  to  vrnfical  Baer  at 
the  leadiag  edge  haa  been  fiiow*  to  be  fie  awia  caaae 
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for  early  loss  of  linearity  in  the  aerodynamic 
coefficknis.  Ftom  wind  tunnel  tests  a  reladonship 
between  the  bound  pressure  level  on  the  leading  edge 
and  the  onset  of  vortical  flow  has  been  shown.  With 
the  provision  that  additional  studies  are  needed  to 
correlate  wind  tunnel  with  flight  results,  sn  engineering 
tool  has  been  developed  to  allow  predictiao  of  vmtical 
flow  onset  by  the  use  of  theoretical  codes.  Further 
analyses  are  being  carried  out  to  discover  relations 
between  vortex  breakdown  and  pressure  levels  on  the 
wing. 

Pnner  No.  14.  by  Perkins  (BAe,  UK)  describes  an 
investigation  into  the  capabilities  and  accuracy  of  an 
equation  error  method  of  aerodynamic  parameter 
identification  using  stepwise  regression  techniques. 
Examples  are  shown  ham  flight  results  Cram  responses 
of  the  British  Aerospace  Experimental  Aircraft  Program 
(EAF).  Derivatives  extracted  from  flight  data  of  EAP 
show  good  agreement  with  wind  turmel  experiments. 
The  disadvantages  of  an  equation  error  method  can  be 
minimized  by  having  accurately  measured  flight  data, 
meaning  having  high  quality  flight  instrumentation. 
An  evaluation  was  performed  using  simulated  re^xmses 
and  the  method  can  extract  non-linear  aerodynamics. 
The  effect  of  typical  instrumentation  errors  and  noise  on 
the  simulated  responses  gives  a  reduction  in  accuracy  of 
extracted  derivatives.  The  methods  of  extracting  non¬ 
linear  aceodytuunics  are  described.  One  advantage  of  this 
method  over  the  well-known  Maximum  Likelihood 
method  is  that  the  structure  of  the  aerodynamic  model 
does  not  need  to  be  defined  initially,  nonlinear  effects 
can  be  accommodaied,  and  large  quantities  of  data  can  be 
processed. 

The  equation  error  method  using  stepwise  regressioo 
techniques  has  been  shown  to  work  successfully  for 
analysis  of  flight  data  from  the  EAP  aircrafL  Given 
sufficient  flight  data  with  adequate  infomaiion  content, 
the  full  nonlinear  aerodynamic  characteristics  can  be 
exuacted  Eiihly  accurately. 

2.5  Forcbody  Vortex  Control  Technology 

Three  papers  were  presented  reviewing  recent  worit  on 
the  development  of  various  methods  jof  foiebody  vortex 
control  for  enhancing  the  controllability  of  flghter 
aircraft  in  the  medhnn  to  high  angle  of  attack  range. 

Pmar  No.  15.  by  Malcolm  and  Ng  reviewed  some 
work  performed  by  Eidetics  International,  including 
wind  uamel  teste  on  a  generic  fighter  canftgtRatian  and 
water  tunnel  teste  on  an  F/A-18  amdeL  The  generic 
fighter  configuration  was  tested  with  foretedy  strskes 
and  fot^ody  blowing  jets.  The  review  showed  the 
effects  of  deployiag  sateil  strskes  near  the  tip  of  the 
model  ftuebody,  a  tangaaiFOgive  oonfigntaiion  with 
fineness  ratio  of  4jQ.  Li^  yawing  momcnte  could  be 
gaaeriasd  ht  either  djreT'that  in  piupoition  to  fiw  ittshe 
heighi.  Blowitig  Jets  (Mowing  aft  or  forward  tengeaiial 
to  tee  forehody  aurttee  on  Me  leeward  side)  can  aiao 
prodncc  large  ynwh^  neentams  (taager  than  thm 
prodaced  by  a  Adly  dsflectahie  rnddar)  at  atodsat 


forebody  vortices  can  be  manipulated  and  resulting 
yawing  moments  can  be  controlled  with  either  leervard 
side  blowing  Jett  similar  to  the  generic  fighter  or  with 
longitudinal  slots  near  the  tip  of  the  fordwdy  on  either 
side  near  the  maximum  half-breadth.  Both  techniqoes 
control  the  vortices  by  controlling  local  separation. 
Small  tip-mounted  strakes  that  rotate  as  a  pair  around 
the  longitudinal  axis  of  the  model  also  showed  the 
potentiiti  for  precise  control  of  the  vortices  with 
miniaturized  strakes.  The  key  to  generating  large 
controllable  yawing  moments  is  to  locate  the  controlled 
devices  for  interfering  with  the  natural  forebody  flow  as 
close  to  the  forebody  apex  as  possible. 

Pantr  No.  Id.  by  Guyton,  Osborn,  and  LeMay 
(WL/FIMM,  USA)  reviewed  recent  wind  tunnel 
experiments  on  X-29A,  F-16,  and  a  generic  chine 
forebody  configuration  with  a  cropped  SS”  delta  wing 
using  forebody  blowing  as  the  tecl^que  for  contntiling 
the  forebody  vortices.  Experiments  conducted  on  a  1/S- 
scale  X-29A  model  with  jets  blowing  aft  fiom  a  leeward 
side  location  approximately  O.S  forebody  diameters  aft 
of  the  apex  and  about  13S‘  radially  ftom  the  windward 
side  showed  yawing  moments  in  a  direction  coinciding 
with  the  side  on  which  the  jet  was  jdaced,  similar  to 
previous  experiments  on  a  generic  filter  configuration 
and  the  F/A-18  discussed  in  Paper  No.  IS.  The 
behavior  cf  the  yawing  moment  with  sideslip  in  the 
presence  of  blowing  was  encouraging,  demonstrating 
high  levels  of  yaw  moment  control  up  to  sideslip 
angles  of  10°. 

A  l/lS-scale  F-16  model  was  tested  with  blowing  jets 
on  the  leeward  sides  and  slots  on  the  sides  of  the 
forebody  to  produce  a  slotted  jet  flow  tangential  to  the 
model  surface  in  the  drcumferential  direction.  Contrary 
to  other  data  on  the  X-29A  with  blowing  jets  and  with 
other  data  on  the  generic  fighter  and  F/A-18,  a  right 
blowing  jet  produced  a  left  yawing  moment  and  vice 
versa.  It  is  not  clear  why  there  is  a  difference  on  an 
F-16.  This  bears  further  investigation,  with  some  flow 
visualizatimi. 

A  generic  fighter  with  a  55°  cropped  delta  wing  and  a 
chine-shqted  forebody  more  like  the  expected  U.  S. 
Advanced  Thctical  Hitler  ermfigutatian  was  choaen  to 
investigate  the  potential  control  power  when  the 
configuration  does  not  have  the  chcalar  or  elliptical 
cross  section  typical  of  today's  fighter  ctmfigurations. 
Blowing  on  the  fotebr>dy  crmfiguiation  was  MM 
successful  in  generating  yaw  corittol  pttwer  akme. 
With  this  type  of  confipiiteioa  there  is  much  Itigher 
potential  liar  infineaciag  rolling  moment  and  pilching 
moment  than  on  conventional  configurations. 

Puurr  Nn.  17.  by  Ross,  Jefferies,  and  Edwards 
(RAE,  UK)  deacfibes  experiments  on  a  UK  research 
aitenft  cottfigteatiott.  High  Incidence  Research  Model 
(HDUf),  atiag  fMebody  snetion  far  controlling  the 
position  and  aueagth  of  the  fttrMMMly  vortices. 
Shnilariy  to  fareb^  blowing,  farebody  taction 
controls  the  vortices  by  coatrotiing  boondary  layer 
separation,  delaying  it  on  the  side  where  auction  ia 
gfilvwtrd  Hb  anction  cotflieieaB,  whfle  not  defined 

terms  of  dw  leqaired  eacilBn  pressures  and  fluid  tunas 
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flow  rates.  The  suction  holes  are  mounted 
symmetrically  on  the  leeward  side  of  the  focebody  very 
close  to  the  tip,  a  key  to  makmg  the  suction  technique 
woricsowdl. 

Results  show  that  very  small  suction  coefficients  can 
influence  the  vortices  and  the  yawing  moment 
significantly,  and  the  direction  of  the  yawing  moment 
gmierated  corresponds  to  the  side  on  which  suction 
occms. 

Experiments  on  a  fiee-to-yaw  tig  in  the  wind  tunnel  are 
discussed  with  demonstrations  showing  that  with 
alternating  left  and  right  suction,  the  yawing  motion  at 
moderate  and  high  angles  of  attack  can  be  fully 
controlled  without  the  rudder. 

2.C  Special  Papers  from  the  Flight 
Mechanics  Panel,  and  Structures  and 
Materials  Panel 

Two  papers  were  presented  from  non-Fluid  Dynamics 
Puiei  sponsored  authors.  One,  sponsored  by  the  Flight 
Mediates  Panel  concerns  the  transformation  of  flight 
mechanics  design  requirements  of  modem  fighters  into 
aerodynamic  characteristics.  The  other  is  a  paper 
sponsored  by  the  Structures  and  Materials  Panel  related 
U)  the  aeroservoelastic  stability  of  aircraft  at  high 
incidence. 

Paper  No.  !>.  by  Mangold  (Domier,  Germany)  is  a 
discussion  of  the  requirements  and  difficulties  in 
meeting  those  requirements  to  take  the  desired  flight 
mechanics  characteristics,  including  handling  qualities, 
agility,  maneuverability,  controllability,  etc.  and  relate 
these  to  defiaeaUe  aer^ynamic  characteristics  that  the 
preliminary  designer  can  incorporate  into  his  design. 
This  is  particularly  difficult  for  an  aitcrafl  that  will  be 
heavily  augment^  by  the  flight  control  system  for 
stability,  especially  at  the  preliminary  design  stage 
since  the  flight  control  syatm  will  not  have  yet  been 
designed.  To  be  succMsful  in  achieving  t^mum 
performance  and  superior  handling  qualities  it  is 
necessary  to  define  a  act  of  flight  mechanics  criteria 
which  properly  translate  the  most  important  flight 
mechMUCsrequitenienis  into  aerodynamic  requheineats. 

This  paper  reviews  some  of  the  ideas  presented  by  the 
author  in  an  AOARD  FhfP  Symposhim  cm  F^g 
Qualities  in  Quebec,  Canada  in  October  1990  and 
activiiiesor AOARD FMPWoridng Group  17.  Oneof 
the  fundamental  premises  for  developiMt  of  new 
criteria  is  that  static  derivmives  atone  aw  not  snfficieat 
to  characterise  the  behavior  of  an  aircraft  in  a  higUy 
maneuverable  state  at  li^  allies  of  attack,  especially 
to  maintain  dynaaaic  stability.  It  is  necessary  to 
consider  dyimnic  derivatives  or  coefficients  IflteroB  and 
yaw  dancing.  AgiUiy  aroand  the  velocity  vector  m 
high  aaglet  of  attack  is  BHiaiy  a  matter  of  yaw  and  toll 
ooMtot  power,  puffing  amre  emphaais  on  nidder  ooaiiol 
power  and  yaw  dainp^ 

Criaetia  such  as  Capgy  are  no  longer  adequate  as  a 
criittia  to  dafina  aeoaptobte  or  mmooopttMe  imetM/ 
dbncitoaalamMliqrchataGaetiaiica.  Atiw  opasttional 


fighters,  some  of  the  importam  design  features  have 
changed,  ps^ulariy  maximnm  lift  and  usable  angles  of 
attack,  which  means  that  the  static  and  dynamic 
lateraVditectional  rierivatives  are  dominaied  by  fotebrxty 
vortices  from  the  nose,  snakes,  or  canard. 

One  of  the  conclusions  is  that  because  of  the  complex 
aerodynamic  effects  at  high  angles  of  attack  it  will  be 
necess^  u>  design  the  Trasic  configuratjon"  by  some 
r^timization  loops.  During  the  design  process 
specialists  from  the  flight  mechanics  disciplines, 
anodynamics,  flight  control  law  designers  and  overall 
design  departments  have  to  form  a  close  team  in  order  to 
end  up  with  a  well-balanced  design.  The 
communication  lines  between  these  groups  must  be 
ftstablishrd  early  and  kqrt  open  in  order  to  avoid  costly 
and  dme^onsuming  difficulties  in  later  design  phases. 

Paner  Nrt.  19.  by  Becker  (MBB,  Germany)  discusses 
a  po»ible  methodology  to  predict  aeroservoelastic 
stability  of  an  aircraft  at  high  angles  of  attack  including 
nonlinear  aerodynamic  effects.  Using  linear  unsteady 
aertHlynamic  theory  associated  with  level  flight 
conditions  to  predict  aeroservoelastic  and  flutter 
calculations  for  medium  to  high  angle  of  attack 
conditions  could  be  in  serious  error  sitx^e  effects  of 
separated  flow  and  leading  edge  vortices  are  not 
accounted  for.  These  effects  may  be  intrtrduced  into  the 
aeroservoelastic  analyris  using  a  correction  method  and 
measured  unsteady  pressure  distributions  from  wind 
tunnel  tests.  The  correction  method  is  described.  An 
example  for  illustration  and  from  which  wind  tunnel 
data  were  used  is  a  half  model  of  tactical  fighu?  type 
aircraft  with  a  delta  wing,  a  foteplane  and  half  a  fuselage 
installed  at  the  wind  tunnel  walL  Experimental  results 
ate  reviewed  and  an  interpretation  with  apiftication  to 
the  prediction  method  is  discussed.  Some  of  the 
conclusions  include  (1)  effects  of  high  incidence 
unsteady  aerodynamics  on  the  open  loop  characteristics 
of  low  frequency  elastic  modes  are  small  and  the 
increase  in  aerodynamic  elastic  mode  damping  with 
incidence  effects  miQr  have  reduced  the  increase  in  mode 
excitation,  (2)  effects  of  high  incidence  unsteady 
aerodynamics  on  higher  frequency  elastic  modes  are 
large,  (3)  prerlictioa  method  fim  high  incidence  unsteady 
aerodynamics  is  validated  by  wind  tunnel  tests,  and 
(4)  high  incidence  aerodynamic  effects  have  to  be 
consideted  in  aeroservoelastic  liability  predictions. 

2.7  Flight  Tests  of  the  X-31A 

Paper  Nn.  2.  by  Ross  (MBB,  Germany),  even 
though  the  first  paper  to  be  presented  foUowmg  the 
meettog  chainnan's  opening  remarks,  is  an  appropriate 
paper  to  discuss  last  because  it  is  the  tatm  flying 
laboratory  to  investigate  mmy  of  the  phenoinena 
discussed  in  sB  the  previous  papers.  Hie  priraaty  role 
of  the  X-31 A  is  to  deuMusuie  the  leehnicai  feaifoility 
and  tactical  utility  of  high  AOA  and  post-stall 
wsneuvwring  Shanlatioo  resulu  have  showa  the 

and  (2)  sum!  antiaed  tadias  of  tan,  wtrich  can  flidy  be 
achieved  by  inamchtog  and  aaceediiw  *e  stsR  liitit. 
Is  statistical  nalytia  of  ansaicd  and  digiaal  ceatbit 
timniation  wadies,  the  aerasUviqt  of  the  eachange  ratio 
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MaU  nmeiiveriiig  indicaies  that  the  increased  beneflt 
above  tSO*  AOA  becomes  small,  suggesting  that  a 
maximum  trim  capability  in  pitch  to  70°  AOA  is 
sufficient.  Pitch  down  capability  is  of  critical 
impoiiance  to  allow  nansitian  back  to  the  higher  speed 
envelope.  It  is  also  unporiant  to  have  pore  aetodynamic 
recovery  in  case  of  fsilure  of  the  thrust  vectoring 
system.  Yaw  coMiol  power  becomes  dominaat  at  high 
angles  of  attack  sod  body-axis  roll  less  importsoL  The 
flight  control  system  must  take  care  of  the  proper 
blending  of  coo^  in  the  yaw  and  ndl  axes  with  ai^e 
of  attack,  including  the  contribution  from  thrust 
vectoring. 

The  more  impoatant  aerodynamic  characteristics  of  the 
X-31 A  are  summarized  including  the  effectiveoesa  of  dK 
canards  in  producing  pitching  moments,  the  benefits  of 
iluust  vectoring  in  yaw  to  assist  the  control  inputs  Axm 
the  rudder  at  high  angles  of  attack  and  the  demonstration 
that  sufficient  roll  power  (body-axis)  can  be  generated 
throughout  the  AOA  range  by  differential  trailing-edge 
wing  flap  deflections. 

Performance  levels  are  reviewed  including  velocity 
vector  roll  rates,  turn  rate,  turn  radius,  minimum-time 
heading  reversals,  etc.  arid  comparisons  are  made  to 
conventional  fighter  aircrafL  TOght  test  status  was 
discussed.  Aiic^l  had  performed  25  flights  19  to  mid 
April.  Thrust  vectoring  vanes  have  been  installed  and 
will  be  tested  with  deflections  in  May.  1991. 
Penetration  into  the  post-stall  regime  is  scheduled  for 
the  last  half  of  1991. 


3.0  Review  of  Round  Table  DlKauion 

Following  presentatioo  of  the  papers,  a  Round  Table 
DiMussion  was  conducted  with  participants' 
contributions  reconlBd  and  haitacribed,  The  transcription 
of  the  RTD  follows  the  papers.  The  discttssion  was 
initialed  and  prompted  by  severd  prepared  statements  or 
questions  presented  by  the  meeting  technical  evahmlor 
and  commentt  by  the  symposium  chairman.  The 
following  topics  were  fisetnsed: 

3.1  Reynolds  Number  Effccta  •  How  to 
simulate  in  the  wind  tunuel? 

The  question  of  how  to  evaluate  Reynolds  number 
effects  is  not  new  nor  is  it  peculiar  to  maneuvering 
aerodynamics.  However,  mediods  have  been  used  for 
wind  umnel  teats,  primarily  for  testing  models  with 
attached  flow,  to  simulaie  bomidaiy  layer  innrilian  by 
careful  placemeat  of  transition  strips  consisting  of 
various  sizes  of  grit  on  the  stufeoe  of  the  wing,  near  the 
leading  edge,  and  on  various  firartRe  and  empennage 
components.  These  techniquri  have  proven  to  be  very 
nteflrl  in  sriificially  tripping  a  lamrrtar  boundary  layer 
and  causiag  it  to  transilian  to  huboleat  flow  as  if  it 
were  expetteaclag  nahrnd  tratMUon  St  higher  ReTMids 
numbers coneisientwhhfaB-acaie flight.  Theqtaestion 
is  how  do  we  shmrhils  higher  Reymrids  nantben  wUi 
testa  of  Aghier  rrircraft  cauAguiaiians  M  h^  arrgies  of 
attack  wife  mpwaied  flows  and,  psrtifuiarly.  how  do  we 

deH  with  simnlaiiiv  fee  proper  flow  on  Hrcrrft 
* - 
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Paper  No.  6  by  Visintini  showed  some  results  from 
experiments  conducted  at  AerMacchi  where  iransiiioo 
strips  were  employed  to  simulate  transit’on  on  the 
foidwdy.  Results  showed  poor  repeatability  and  a  high 
dependency  on  where  the  strips  were  placed.  It  is 
apparent  that  the  guidelines  for  how  and  where  to  use 
transition  strips  for  qiplication  to  high  angles  of  attack 
are  not  clear.  Comments  from  ^  fl^  included 
observations  that  many  wind  bmnd  tests  are  conducted 
at  ReyiKtIds  numbers  where  the  flow  is  transitional  and, 
therefore,  very  sensitive  to  small  differences  in 
Reynolds  numbers.  Test  results  at  low  Reynolds 
numbers  where  the  boundary  layer  is  laminar,  for 
example  on  fosebodies,  often  have  the  sanm  betavioras 
tests  conducted  at  high  Reynolds  numbers  where  the 
boundary  layer  is  turbulenL  Artificial  transition  may 
force  the  aetodynamic  results  to  be  even  less  comparable 
to  high  Reynolds  number  results.  In  order  to  fix 
transition  strips  and  know  whether  they  are  effective  and 
correct,  one  needs  to  know  the  answer  for  the  fuD-scale 
case,  information  that  is  often  lacking.  Vortex  flows 
generated  by  sharp  leading  edges  are  shown  to  be 
relatively  independem  of  Reynolds  number.  However, 
this  may  not  always  be  the  case.  Caution  was 
expressed  using  the  example  of  a  noaeboom  mounted 
chine  whose  separated  flow  vortex  aHects  the  vortex 
flow  immediately  aft  on  the  forebody.  The  overall 
flowfields,  even  though  they  may  be  similar  at  the 
sttake  location,  may  not  be  indqiendent  of  Reynolds 
number,  in  which  case  we  may  see  something  quite 
different  in  flight  than  on  the  ground  in  ground-based 
test  facilities.  Little  is  known  about  the  dqiendency  of 
dynamic  effects  on  proper  use  of  transition  strips 
primarily  because  few,  if  any,  experiments  have  been 
performed  with  transition  strips.  With  the  model  in 
motion,  the  location  of  transition  is  continuously 
changing.  It  is  not  clear  whether  time-vsrying  natural 
transition  can  be  ^vroximated  by  a  fixed  transition 
strip. 


3.2  Time  Lag  Effects  •  How  to  determine  in 
wind  tunnel  and  flight  tesla  and  bow  to 
incorporate  into  aerodynnmic  models  for 
slmnlation? 


A  siiggMtion  was  made  to  accoum  for  time  lags  in  a 
linear  aenae  by  treating  the  aerodynatnic  reactioo  as  a 
transfer  funciiOT  which  would  require  dynamic  teats  to 
define  the  transfer  function.  In  the  nonlinear  sense, 
including  the  history  effects,  we  are  forced  to  look  at 
infecial  leymie  or  bypersurface  type  models.  This 
makes  fee  problem  more  difflcnlt  for  the  flight 
mechmiics  pfopfe.  dwnh,  rturf  giey  can  no  tnng”  use 
small  pentsbrnions  or  deiivatives  in  fee  equatfons  of 
motion.  It  was  alao  pointed  out  that  the  measwed 
noeUneariiies  in  wind  tunnel  tssts  occin  at  rdaiively 
high  rates,  and  in  some  cams  at  rates  which  are  hig^ 
than  those  snconnHied  by  feU-acaleaitciaft.  However, 
fee  higher  rates  are  not  inconaiaieat  wife  those 
experienced  by  control  anrfeoes.  The  flight  mechardcs 
people  have  a  dEflcoh  time  hi  incorpornting  fene-hfe 
InRnsHlon  hno  fee  timninflon  modeL  pantalariy  fee 
time  lags  aaaodmed  wife  ramp  mofema  becaase  of  fee 
depemleacy  on  fee  qiecific  motion  hiaaay. 
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3.3  EfTecU  of  &  and  ^7 

Geneially,  it  was  feh  that  these  eflects  are  increasingly 
important  with  higher  angles  of  attack.  Recent 
experiments  have  shown  that  the  aerodynamic 
coefficients  dependent  on  translational  or  heaving 
motions  can  be  significant.  Simulation  aerodynamic 
math  models  often  provide  for  these  terms,  but 
historically  the  aerodynamicist  has  not  been  able  lo 
provide  the  individual  component  values.  Increased 
emphasis  is  being  placed  on  deveicqiing  testing 
apparatuses  to  acquire  separately,  the  rale  derivatives  and 
the  timenlependent  derivatives,  such  as  Cniq  and  Cm& 
orCnrandCn^ 

There  is  also  a  recognition  that  the  development  of 
criteria  to  predict  departure  ftom  controlled  flight  must 
consider  more  than  just  static  aerodynamic  coefficients. 
Criteria  developed  in  the  past  such  as  Cobdyn.  which, 
in  fact,  does  not  contain  any  dynamic  terms,  and  others 
which  assumed  small  angles  of  attack  are  no  longer 
Dynamic  leimt  must  be  included  in  order  to 
predict  the  departure  tendencies  of  mrxiem  fighter 
aircraft.  An  additional  problem  is  how  to  include  the 
effects  of  control  system  inputs  in  a  highly  augmented 
aircraft,  particularly  in  the  early  design  stages  before  the 
details  of  the  flight  control  taws  ate  known. 

3.4  Effects  of  dynamic  lift  on  moderately 
swept  wings? 

Extensive  research  has  been  done  on  dynamic  lift  of 
two-dimensional  airfoils,  and  more  recently  on  highly 
swqK  delta  wings  with  substantial  leading  e^e  vortices 
to  investigate  three-dimensional  effects  of  high 
amplitude  high  rate  tamp  motions.  There  does  not 
seem  to  be  much  data  on  moderately  swept  wings,  for 
example  from  30“  to  50°.  Since  most  fighter  airciaft 
have  moderately  swept  wings,  there  would  seem  to  be  a 
need  for  more  information  on  how  to  exploit  dynamic 
lift  for  configutatioiis  more  like  acturtl  full-scale  aircraft. 
The  «tata  on  highly  swept  wings  is  pertirmt  to  wing 
leading-edge  extensions  and  some  experiments  have 
been  done  with  double  delta  win^  whM  represent  the 

case  of  moderately  swept  wing  with  a  l£X. 

3.5  What  arc  the  chances  of  getting  feedback 
froai  flight  test  results  related  to  time 
lag  elTectsT 

The  X-31A  may  provide  an  opportunity  to  measure 
time-lag  effects  Arm  fitil-scale  flight  tests,  bm  it  is  not 
clear  whether  the  flight  lesa  that  sr  planned  will,  in 
tet.  be  hHe  to  determine  time  lag  effects.  It  would 
appear  that  the  expected  resporraea  at  the  X-3IA  to 
comrol  iapids  or  to  aameady  aerodynmaic  inputs  do  not 
aname  that  line  tags  rue  Ukeiy  to  be  s^nifiaatt.  MBB 
suggest  that  we  svait  for  fli^  lest  results  to  assess 
ttieir  existence  msd  Imporfce.  FHgfaidMaabiaiaedoo 
gie  F-16  several  yean  ego  identified  tbae  lag  effects, 
piicJerty  aft  oveWhoot,  which  gwipiedsoem  of  ihe 
currant  lesemchaiQaacralDyemttta  by  Ctemingluan. 


3.4  What  is  the  role  of  CFD  in  compnting 
the  nerodynamics  dac  to  high-rate 
notioBx7 

CFD  calculations  have  experienced  good  succ^  in 
recent  years  in  computing  the  flow  characteristics  of 
forebodies  and  wing  leading-edge  extensions,  mid  to 
some  degree  the  entire  airc^t  at  moderate  angles  of 
atrivV  including  separated  flows.  These  have,  for  die 
most  part,  been  st^y  flows.  The  time  has  come  to 
begin  the  task  of  calculating  imsteady  flows  and  there 
qipears  to  be  some  optimism  that  this  can  be  done, 
paiticulariy  for  the  type  of  maneuvers  that  luve  been 
associated  with  highly  maneuverable  aircraft. 

An  AGARD  meeting  addressing  unsteady  aerodynamics 
will  be  held  in  October.  1991  in  San  Diego,  with 
expectations  that  the  role  of  CFD  for  unsteady 
aerodynamics  computations  win  be  addressed. 

3.7  Does  the  aircraft  designer  and  the 
aerodynamics  test  community  understand 
each  other's  needs? 

ft  is  not  clear  that  ihe  communication  link  is  well 
established.  Perhaps  just  as  important  is  the 
commimication  between  Ihe  preliminary  designer  and 
Ihe  flight  mechanicisL  It  is  more  imponant  than  ever 
before  that  these  two  groups  woik  together  in  the  eariy 
stages  of  aircraft  definition.  AGARD  symposia  such  as 
this  one  can  help  to  forge  the  link  between  Ihe  various 
technical  disciplines. 

3.8  How  applicable  are  forebody  vortex 
coatrol  methods  to  forebodies  with 
chine-shaped  cross  sections? 

Most  experiments  to  date  have  dealt  with  forebodies 
with  either  circular  or  elliptic  cross  sections.  Chine¬ 
shaped  forebodies,  representative  of  advanced  fighter 
configuratioas,  have  a  shaip  side  edge  that  will  provide 
a  more  defined,  and  peihaps  more  stable  location  for 
separation.  With  the  fixed  location  for  flow  sepnraiion, 
the  question  is  which  forebody  voitex  control  methods 
will  woifc,  if  any,  sucorasfully  and  which  ones  will  not 
Research  with  these  types  of  conTiguiaiions  has  just 
begun.  It  is  expected  that  the  forebocly  vortices  will  be 
more  difficult  to  manipulate  than  for  a  smooth  forHwdy 

surface. 

3.9  Is  it  likely  that  forebody  vortex  control 
and  tbrnat  vectoring  can  be  ased  in  a 
compleasentary  arraagement? 

It  is  unlikely  that  forebody  vortex  control  only  will  be 
used  nhlest  there  is  a  need  only  for  yaw  control  and 
there  is  no  need  fbr  additional  pitch  control.  Tbereare 
Significant  ahranufes  to  each,  but  fliey  mt  net  direci 
competiion  for  aU  flight  contfiiions.  Forebody  vortex 
con^  is noiivpiicdtie  10 low  an^ of  Miacb and  10 
low  q  coodiiioiis.  Depending  on  die  specific  technique 
used  to  oonirol  die  voiticet,  it  may  or  umy  not  be 
depend  on  Ihe  svaflhbffily  of  eogiaeblBed  air.  Thnist 
veRMtagoriyworiaifdieeiigiiieisnnBiiag.  Lossof 
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conlToI  power  must  be  considered  if  thrust  vectoring  is 
lost  due  to  an  engine  out  At  this  point  in  time,  there 
is  room  for  both  techniques  to  be  considered. 


3.10  What  are  Reynolds  number  and  rate 
(dynamic)  effects  on  forebody  vortex 
control? 

Neither  of  these  effects  have  been  evaluated  yet. 
Reynolds  number  effects  will  be  explored  with  the  full- 
scale  F/A-I8  tests  now  under  way  in  the  NASA-Ames 
80  X  120-ft  wind  tunnel,  where  three  forebody  vortex 
control  techniques  will  be  tested;  blowing  jets,  blowing 
slot  and  conformal  strakes.  Subscale  experiments  with  a 
6%-scale  model  of  the  F/A-18  will  be  conducted  by 


Eidetics  International  in  the  Ames  7  x  10-ft  wind  tunnel 
to  measure  effects  of  jet  and  slot  blowing  and 
miniaturized  tip  strakes.  Tests  will  also  be  conducted 
with  the  6%-sctde  model  on  a  rotary-balance  apparatus 
with  foiebody  blowing. 

3.11  What  is  accessibility  of  flight  test 
data? 

All  too  frequently,  there  is  a  tendency  to  develop 
elaborate  fli^t  test  programs  but  once  the  airplane  is  in 
the  air  the  program  often  runs  short  of  funds  to  fully 
exploit  the  opportunities  to  get  detailed  flight  test  data 
that  can  be  of  significant  benefit  to  the  research 
community.  There  needs  to  be  additional  emphasis  on 
making  maximum  use  of  our  flight  test  vehicles. 
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X-;*'.  ENHANCEMENT  of  AERODYNAMICS 
for  MANEUVERING  beyond  STALL 
Hannes  Ross 

Deutsche  Aerospace/Militaty  Division 
Messerschmitt-Bdlkow-Blohm  GmbH 
P.O.B0X8OII6O 
D-8000  Miinchen  80 


1.  Introduction 

Current  Tighter  aircraft  ate  generally  limited  to  angles  of  attack  (AOA)  below  their  maximum  lift  c^bility 
(Alpha  cimax)'  inputs  and  hence  aircraft  maneuvering  become  usually  limited  when  approaching  the  stall 
limited  (Hg.  1-1). 

Primary  reason  for  this  situation  are  the  degrading  aerodynamic  laieral/directional  characteristics  and  reduced 
control  power  in  the  high  AOA  regime,  often  resulting  in  uncontrolled  maneuvers/departures/spins.  Some 
aircraft  have  for  these  reasons  reduced  roll  control  inputs  as  well  as  Aileron-ZRudder-Interconncct  (ARI)  systems 
installed  to  avoid  utKoordinated  flight  conditions  at  higher  AOA.  Others  have  limitations  as  to  the  number  of 
consecutive  rolls  they  are  allowed  to  fly  even  in  the  conventional  AOA  regime  to  prevent  uncontrollable  piich- 
up/Beta  excursions  due  to  inertia  coupling  and  engine  gyroscopic  moments. 

in  the  last  ten  years  new  efforts  have  .started  to  improve  control  capability  in  this  flight  regime.  F- 14,  F- 1 S  and 
F-18  have  demonstrated  AOA  excursions  up  to  about  65  degrees  and  the  Su-27  and  MIG-29  have  performed 
impressive  pitch  maneuvers  even  exceeding  AUA's  of  90  degrees.  However,  all  of  the  above  mentioned 
maneuvers  ate  performed  in  the  pitch  plane  with  little  or  no  capability  left  for  role  control  around  the  velocity 
vector. 

A  number  of  experimental  aircraft  programs  have  been  initiated  to  explore  the  high  AOA  and  the  poststall 
regime  to  broaden  the  knowledge  base.  The  flight  lest  objectives  range  from  basic  understanding  and 
investigation  of  aerodynamic  flow  phenomena  (X-29,  a/c  no.  2  high  AOA  test  vehicle.  F-18  High  Angle  of 
Attack  Research  Vehicle/HARV  to  the  incorporation  of  thrust  vectoring  capability  (HARV)  and  flnally  to  the 
demonstration  of  technical  feasibility  and  tactical  utility  of  high  AOA  maneuvering  (X-3 1  A). 

2.  Tactical  POST-STALL  (PST)  Maneuvering 
2.1  Combat  Simulation  Results 

Numerous  manned  and  computerized  close  in  combat  (CIO  simulations  have  been  performed  since  the  late 
I97()ies  and  -  assuming  all-aspect  IR  missiles  and  guns  -  have  shown  a  dominance  of  head-on  encounters  with 
increasing  importance  of 

-  attained  (rather  than  sustained)  turn  rate  (ATR) 

-  small  attained  radius  of  turn  (ART)  Fig.  2-1. 

CIC  simulations  performed  with  a/c  wiih/without  AOA  limits  showed  a  very  impressive  improvement  of  2  to  3 
in  combat  capability  as  defined  by 

-  time  to  Tirst  shot 

-  time  in  firing  position 
kill  probability 

-  time  in  disadvantage  position  etc. 

These  results  were  achieved  in  one  on  one  and  mulU  bogy  simaiions  showing  similar  trends  (Fig.  2-2). 

The  basic  quesdorHArade-ofTs 

-  can  CIC  he  avoided  by  beyond  visusd  range  attack  and 

-  can  idrciaft  oianeuvenMIity  be  oflset/decreased  or  even  be  relaxed  by  improved  missile  off-botesight 
capaMlity  and  improved  missile  maneuverability  have  of  comae  been  inv^gaied  and  led  to  die  w<dl  known 
answers  dim 


-  CIC  can  not  be  avoided,  in  particular  in  an  outnumbered  situation  where  multitarget  (BVR)  capability  is  a 
requi-  rement 

-  high  off  boresight  capability  (>  60‘)  is  difficult  to  achieve  because  of  fire  control  and  missile  flight 
performance  limitations  and  result  in  a  significant  reduction  of  single  shot  kill  probability  (SSKP) 

High  ATR's  and  ARTs  are  therefore  essential  performance  characteristics  for  a  future  fighter  designed  for  BVR 
and  CIC. 

Looking  at  the  well  known  Rate  of  Turn  vs  Mach  Number  plot  (Hg.  2-3)  it  becomes  immediately  evident  that 
ARTs  can  only  be  improved  by  approaching  and  exceeding  the  stall  limit. 


Maneuvei/Design  Requirements  have  been  derived  by  statistical  analysis  of  manned  and  digital  combat 
simulations.  The  Mach-Altitude  envelope  in  which  PST  maneuvers  were  isbserved  is  identified  in  Figure  2-4. 
PST  entry  is  limited  by  the  maximum  dynamic  pressure  which  in  combination  with  the  CL  max  results  in  the 
maximum  allowable  load  factor  of  the  aircraft.  PST  maneuvers  have  been  performed  up  to  altitudes  of  7  km  and 
down  to  speeds  below  Mach  0. 1 . 

Sensitivity  of  the  exchange  ratio  to  the  maximum  allowable  angle  of  attack  during  PST  maneuvering  indicates 
that  the  increase  in  benefit  above  60  degrees  angle  of  attack  becomes  small.  Thus  a  maximum  trim  capability  up 
to  70  degrees  has  been  suggested.  Figure  2-5  shows  an  AOA  frequency  distribution  during  PST  maneuvering 
which  is  in  good  agreement  with  the  sensitivity  analysis. 

The  control  power  requirements  in  terms  of  acceleration  capabiUty  around  the  body  axis  in  pitch,  role  and  yaw 
are  shown  in  figure  2-6.  For  unstable  configurations  the  pitdi  down  capability  is  of  critical  importance  to  allow  a 
quick  recovery  from  PST  attitudes  to  transition  back  into  the  higher  speed  envelope.  Also  a  pure  aerodynamic 
recovery  must  be  possible  in  case  the  thrust  vectoring  system  fails  to  operate. 

Roll  control  power  requirements  around  the  body  axis  can  be  relaxed  with  higher  angle  of  attack  because  large 
body  axis  roll  angles  would  immediately  result  in  excessive  angles  of  sideslip  which  cannot  be  tolerated. 

Yaw  control  power  becomes  more  dominant  with  increasing  angle  of  attack.  At  90  degrees  angle  of  attack  the 
roll  around  the  velocity  vector  is  identical  to  a  pure  yawing  maneuver.  However,  the  available  yaw  capability  at 
high  angles  of  attack  is  determined  by  the  (constant)  side  force  from  thrust  vectoring  . 

The  need  for  thrust  vectoring  support  to  achieve  tactical  relevant  maneuvering  capability  in  the  high  AOA 
regime  requires  that  the  propulsion  system  is  working  at  all  times.  Therefore  sufficient  airflow  as  well  as  engine 
inlet  computability  throughout  the  angle  of  attack  and  sideslip  regime  must  be  insured.  The  engine  should  allow 
full  throttle  operations  throughout  the  PST  regime.  The  thrust  to  weight  ratio  of  the  aircraft  should  exceed  a 
value  of  one  (SLS)  which  is  satisfied  by  most  rrurdem  configurations. 

Another  imptrnant  aspect  is  that  the  flight  control  system  mechanization  must  allow  to  control  the  roll  around 
the  velocity  vector  by  a  stick  command  only.  Therefore  the  flight  control  system  must  take  cate  of  proper 
mixing  of  body  axis  roll  and  yaw  as  a  function  of  AOA. 

Given  a  "nocmar  thrust/weight  ratio  of  tiKue  than  1  at  sealevel  it  was  found  that  a  thrust  deflection  of  about  10  - 
12  degrees  should  be  sufficient  to  satisfy  the  maneuver  requirements,  provided  that  the  basic  aerodynamic 
design  has  reasonable  longitudinal  and  lateral  directional  characteristics.  Nozzle  deflection  characteristics  in 
terms  of  deflection  velocity  and  deflection  rates  must  be  compatible  with  those  of  aerodynamic  surfaces. 


3.1  Conflagittm  IlHialBttoi 

In  May  1986  the  Defense  Advance  Research  Agency  (DARPA)  and  the  German  Ministry  of  Defense  signed  an 
MOA  (o  develope  two  ancraft  and  to  demonstrate  in  flight  the  technical  feasibility  of  poststall  maneuvering.  The 


aircraft  was  designated  X-31A  and  became  the  first  vehicle  in  the  famous  series  of  "X’-planes  to  be  developed 
internationally.  Figure  3- 1  identifies  the  major  external  and  internal  characteristics  of  the  X-31  A.  The  delta 
canard  configuration  is  powered  by  a  single  G.E.  F  404  engine.  The  aerodynamic  configuration  integrates  the 
design  requirements  for  excellent  supersonic  performance  comlnned  with  unprecedented  subsonic  high  angle  of 
attack  maneuvering  capability.  The  belley  inlet  with  a  drooping  lower  lip  is  particularly  suited  for  high  angle  of 
attack  operation.  The  long  coupled  all  movable  canard  reduces  aircraft  stability  and  thereby  improves  subsonic 
and  supersonic  performance.  Together  with  the  trailing  edge  flaps  it  also  provides  pitch  moments  for  trim, 
stability  and  control.  The  canard  deflection  is  scheduled  such  that  it  will  not  stall  considering  trim  and  control 
inputs.  Leading  edge  flaps  improve  lateral/directioiial  stability  characteristics,  in  particular  in  the  high  angle  of 
attack  regime  and  ^so  the  maneuver  performance  at  lower  angles  of  attack. 

The  most  dominant  external  feature  which  distinguishes  this  aircraft  from  other  delta  canard  configurations  are 
the  three  thrust  vectoring  vanes  mounted  to  the  aft  fuselage  of  the  aircraft  which  allow  thrust  vectoring  in  the 
pitch  and  yaw  axis. 

As  might  be  expected  for  a  low  cost  program  the  aircraft  has  been  designed  and  built  using  a  lot  of  excisting 
structural  and  subsystem  components  (e  g.  canopy  and  windshield,  landing  gear  ECS,  hydraulic,  electric, 
propulsion  system  etc.). 

To  further  improve  the  simplicity  of  the  design  and  manufacturing  process  ihe  aircraft  has  a  dry  wing. 

■1,2  Aerodynamic  Characteristics 

Figure  3-2  shows  a  smooth  lift  curve  versus  angle  of  attack  distribution  with  a  maximum  lift  coefficient  of  about 
I  I  at  30  degrees  angle  of  attack  which  is  reduced  to  .6  at  70  degrees  angle  of  attack. 

Figure  3-3  shows  the  incremental  pitching  moment  capability  of  the  trailing  edge  flap  vs.  angle  of  attack.  In 
particular  the  pitch  down  capability  is  markedly  decreased.  The  pitching  moments  due  to  canard  deflection  are 
shown  on  Figure  3-4  and  indicate  that  by  deflecting  the  canard  into  the  wind  a  significant  pitch  down  moment 
can  be  achieved.  Figure  3-5  shows  the  combined  pitch  control  power  of  canard  and  trailing  edge.  It  clearly 
indicates  that  the  critical  area  is  at  high  angle  of  attack  where  the  pitch  down  capability  is  about  40%  of  the 
remaining  pitch-up  control  power.  The  X-31  has  been  designed  coasidering  a  requirement  that  the  aircraft  has  to 
be  recoverable  from  high  angle  of  attack  even  without  the  assistance  of  the  thrust  veaoring  system,  i.e. 
considering  failure  or  malfunction  of  the  thrust  vectoring  system  or  an  engine  flame-out.  This  required  a  careful 
development  and  fine  tuning  of  the  aerodynamic  characteristics  as  well  as  the  proper  CG  location. 

Sufficient  roll  control  power  can  be  generated  throughout  the  angle  of  attack  range  by  differential  trailing  edge 
flap  deflection. 

The  incremental  yawing  moment  due  to  rudder  deflection  (Figure  3-6)  indicates  that  above  40  degrees  angle  of 
attack  the  remaining  conuol  power  is  insufficient  to  satisfy  trim,  stability  and  control  power  requirements. 

A  comparison  of  the  control  power  requirements  for  tactical  maneuvering  as  defined  in  Fig.  2-6  vs  the  available 
values  shows  that  these  can  be  achieved  if  aerodynamic  and  thrust  vectoring  capability  in  pitch  and  yaw  are 
combined.  Body  axis  roll  requirements  are  satisfied  without  T.V.  augmentation  (Fig.3-7). 

-1-3  Thrust  Vectoring  .Svatem 

Fig.  3-8  shows  the  principal  arrangement  of  the  thrust  vectoring  system.  It  consists  of  three  vanes  which  are 
mounted  to  the  aft  airframe  structure  and  can  be  deflected  around  a  fixed  hingeline.  Simultaneous  deflection 
allowrs  the  adjustment  of  the  vanes  lo  the  plume  size  resulbng  ftom  a  variation  of  power  setting  (Fig.  3-9)  and 
Madi/altitiides.  The  oombinatian  of  two  vanes  deflected  into  the  jet,  -  the  remaining  vane  deflected  outward  -, 
allows  to  vary  the  direction  and  magnitude  of  the  sideforce  component  in  pitch  and  yaw.  Deflection 
characteristics  are  incorporated  into  the  control  laws.  When  the  thrust  vectoring  system  is  engaged,  control 
commandes  are  distributed  by  the  FCS  between  aerodynamic  surfaces  uk)  T.V.  vanes  considering  their 
effectiveness. 

The  structurid  design  of  the  thrust  vectoring  system  consists  of  a  bgbt  weight/temperatuie  resistant 
CarbonACarbon  vane  mounted  to  a  metal  structure  with  lugs  for  the  hingeline  aid  the  actuator  attadmient.  The 
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vanes  are  covered  by  a  metal  roof  which  is  designed  to  carry  the  aero  loads  when  the  vanes  are  deflected 
outward  (up  to  60  degrees)  to  improve  the  deceleration  curability  of  the  aircraft. 

Consistent  with  the  design  requirements  and  aerodynamic  characteristics  the  thrust  vectoring  system  is  used  to 
improve  stabilization  and  control  power  in  the  pitch  axis  at  low  q/high  AOA.  Due  to  the  single  engine  aircraft 
configuration  no  augmentation  is  possible  in  the  roll  axis.  Because  of  the  insufficient  rudder  eflectiveness  in  the 
AOA  regime  above  40  degrees  trim,  slabilizalioo  and  control  augmentation  is  provided  by  the  thrust  vectoring 
system  in  the  yaw  axis  (Fig.  3-10). 

It  should  be  noted  the  total  control  power  available  from  aerodynamic  surfaces  and/or  thrust  vectoring  devices 
must  consider  the  requirements  to  compensate  inertia  coupling  effects  as  well  as  engine  gyroscopic  moments 
throughout  the  angle  of  attack  range. 

3.4  Performance 

Figure  3- 1 1  shows  a  typical  example  of  the  roll  control  capabilty  around  the  velocity  vector  versus  angle  of 
attack.  The  rolling  velocity  is  a  function  of  Mach-number  and  altitude  and  as  one  can  see  there  is  a  substantial 
capability  available  at  high  angles  of  attack. 

Figure  3-12  shows  the  envelope  expansion  with  respect  to  turn  rate  capability  at  low  macb  numbers  if  the  stall 
limit  can  be  exceeded.  Obviously  the  amount  of  performance  improvement  is  depending  on  the  plane  of 
maneuvering  which  in  this  particular  case  is  horizontal.  Two  other  extremes  are  identified  in  Figure  3-13  where 
the  maneuvering  is  performed  in  a  vertical  plane.  In  this  case  the  maximum  performance  is  achieved  in  the 
upper  point  of  a  vertical  loop  and  the  minimum  performance  is  achieved  at  the  bottom  of  a  vertical  loop.  The 
differences  in  performance  are  due  to  the  impact  of  the  earth  gravity. 

The  hedged  areas  identify  the  optimum  angle  of  attack  to  achieve  a  maximum  turn  rate  at  a  given  mach  number 
altitude  condition.  The  vertical  topline  represents  maximum  achievable  instantaneous  performance. 

A  typical  clinical  PST  maneuver  is  shown  in  Fig.  3-14.  This  particular  maneuvra-  requires  a  180  degree  heading 
reversal  in  the  minimum  amount  of  time  with  the  constraint  to  come  back  at  the  same  altimde  and  approximately 
the  same  speed.  Figure  3- IS  shows  a  comparison  of  this  very  maneuver  as  flown  in  manned  simulations  with  an 
aircraft  with  unlimited  angle  of  attack  capability  (up  to  70  degrees),  and  an  aircraft  Fit  to  30  degrees  angle 
of  attack.  The  starting  mach  numbers  are  about  the  same  and  so  are  the  end  m.-^'h  numbers.  The  unlimited  air¬ 
craft  achieves  a  considerably  smaller  radius  of  turn  and  higher  turn  rates  below  M-.2  which  in  total  results  in  a 
shorter  time  to  perform  this  maneuver  and,  if  performed  properly  in  an  aircombal  situation  potentially  in  a 
positional  advantage.  Fig.  3-16  shows  time  histories  for  a  PST  maneuver. 

The  envelope  of  the  X-31  (Fig.  3-17)  with  respect  to  the  conveiiiional  performance  i-  'imited  by  an  angle  of 
attack  of  30  degrees  on  the  left  hand  side,  a  max.  altitude  line  of  40  Kft,  a  max.  Mach  number  of  0.9  and  a 
max.line  of  800  Ibs/sq.ft.  Overlapping  is  the  envelope  in  whidi  PST  maneuvers  can  be  perfesmed.  There  is  a  roll 
control  limit  to  the  left  hand  side  which  needs  to  be  explored  during  flight  testing,  since  the  X-3 1  does  not  have 
a  roll  control  augmentation.  The  engine  limit  is  resulting  from  a  time  limit  for  fixed  throttle  positions  and  also 
needs  further  exploration  as  well.  The  maximum  mach  number  for  PST  maneuvers  is  currently  identified  as  0.7. 
Again,  this  limit  needs  to  be  investigated  by  flight  tests  and  could  be  varying  to  higher  and/or  lower  mach 
numbers.  Entry  into  PST  from  high  q/Mach  numbers  is  limited  by  a  q-line  at  which  the  structural  limit  of  9  g  is 
reached  at  (Xmax. 

4.  Flight  Test  Status 

Up  to  mid- April  199 1  25  flights  with  about  the  same  number  of  flight-hours  have  been  flown  with  the  two 
airciaft  (Fig.  4-1).  Most  of  the  flights  have  been  performed  widi  aircraft  1 .  After  demonstrating  the  system 
operation  flights  were  dedicated  to  investigate  handling  quahties  throughout  the  conventional  flight  regime  up  to 
0.9  mach  number  and  40.000  ft  altihide.  Testing  of  flight  loads  and  flutter  tests  ate  in  process. 

The  thrust  vectoring  vanes  have  been  mounted  on  the  aircraft  and  flown  on  aircraft  no.  1  since  flight  no.  10  in  a 
fixed  position.  Ground  test  of  the  vanes  at  various  powersettings  and  various  deflections  into  the  jet  have 
verifi^  the  basic  concept  in  terms  of  toads  and  temperatures,  bitial  flights  with  moving  vanes  to  chedt  the 
deflection  laws  as  deflned  in  the  control  law  package  will  commence  in  May.  Penetration  into  the  PST  regime  is 
scheduled  for  the  second  half  of  1991. 
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.  Summary 

X-31  bas  matured  from  a  concept  to  2  flying  Demonstrator  a/c 
predicted  bigb  AOA  performance  meets  or  exceeds  design  goals 

The  integrated  propulsion  and  multi-axis  thrust  vectoring  control  system  are  essential  for  high  AOA 
maneuvering.  Structural  integrity  of  the  T.V.  system  has  been  verified  by  ground  tests. 

Exploration  of  the  conventional  envelope  as  a  prerequisite  to  PST  flights  is  in  progress. 

Flight  testing  of  the  T.V.  system  will  start  by  lune  followed  by  penetration  into  the  PST  flight  regime  in  the 
second  half  of  1991. 
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ABSTRACT 

The  implkaiion  of  maneuvers  through  large-angles-of- 
incidence  is  discussed  by  examining  the  unneady  aerodynamic 
loads,  surface  pressures,  vortical  position  and  breakdo«m  on 
slendCT,  flat  plate  della  wings.  Two  examples  of  large  amplitude 
unsteady  motions  are  presented.  First,  the  unsteady 
characteristics  of  a  70  degree  swept  delta  wing  undergoing  pitch 
oscillation  from  0  to  60  degrees  is  examined.  Data  is  presented 
that  shows  the  relationship  between  vortex  breakdown  and  the 
overshoot  and  uiukrshoot  of  the  aerexlynamic  loads  and  stoface 
pressure  distribution.  The  second  example  examines  the  leading 
edge  vortical  flow  over  an  80  degree  swept  wing  undergeang  a 
limit  cycle  roll  oscillation  crxnmonly  call^  wing  rock. 

NOMENCLATURE 

Symbols 

b  Wing  span,  in  (cm) 

c  R<K)t  chord,  in  (cm) 

f  Pitching  frequency,  Hz 

lx  Rotational  moment  of  inenia 

k  Reduced  frequency,  k  =  27ifcAJ„„ 

L  Roll  moment 

Lgem  Roll  moment  due  to  aerodynamic  forces 

l-hauing  Roll  moment  due  to  bearing  friction 
P  Pressure,  psi  (Pa) 

P_  Freestream  staac  pressure,  psi  (Ps) 

Q„  Freestream  dynamic  pressure,  psi  (Pa),  Q^=f>V^^f2 
s  Local  semi-span  length,  in  (cm) 

5  Wing  area,  in-,  (cm^) 

t  Time  (sec) 

Freestream  velocity,  fi/s  (m/s) 

X  Chordwise  position,  measured  from  the  wing  apex, 

in  (cm) 

y  Spanwise  position,  measured  from  the  wing 

centerline,  in  (cm) 

y]  Left  vortex  spanwise  location  variable 

yr  Right  vortex  spanwise  location  variable 

z]  Left  vortex  natmal  lacadon  vtuiable 

Zf  Right  vortex  nonnal  location  variable 

a  Angle  of  attack,  deg 

6  Roll  angle,  deg 

|i  Freestream  air  dynamic  viscosity,  Ibf  (k^  s) 

p  Freestream  air  density,  slugs/ftl  (kghni) 

AhtniYBiinM 

Cl,  Lift  coefficient 

C|  Roll  moment  coefficieiK 

Cp  Pressure  coefficient,  Cp  *  (Pop-P 

Re  Reynolds  number,  based  on  root  chord,  Re^pU^cAi 

Subspipta 

••  lnfiidty,iefcrs  10  fteesineam  condition 

tap  Refers  to  conditiao  at  pressure  tap 


INTRODUCTION 

The  flow  field  surminding  a  slender  aircraft  at  large- 
anglesof-inci^nce  is  dominated  ^  the  voctices  generated  on 
the  forebody,  leading  edge  extensions,  wing  and  control 
surfaces.  The  leewaid  wake  structure  can  be  extremely 
complicated  due  to  the  interactions  between  the  various  voctices. 
The  aerodynamic  forces  created  by  such  compUcaied  flow 
patterns  are  in  general  nonlinear.  Inonlertoundeistandand 
predict  the  motion  of  aircraft  in  this  nonlinear  region,  new 
mathematicBl  formulations  for  the  atroiiynamic  models  must  be 
developed  and  an  improved  understanding  of  the  relationship 
between  die  sepaiMed  flow  fteld  and  the  aerodynamic  loads 
needs  to  be  established.  Methods  Ibr  modelling  the  nonlinear 
aerodynamics  arejust  starting  to  be  developed.^-^  In  addition, 
experiments  ate  being  conducted  to  provide  infotmaiion  on  the 
unsteady  aerodynamic  characteiistics  of  slender  aircraft 
maneuvering  at  large  angte  of  attack.^’^ 

The  unsteady  motion  of  a  delta  wing  results  in  a 
modification  of  the  flow  field  in  reqxmse  to  the  maneuver.  This 
can  result  in  delays  of  flow  separation  and  voitex  foimaiion  at 
low-angles-trf-altack,  and  changes  in  vortex  location  and  the 
onset  of  breakdown  at  higto-angles-of-atlack.  During 
oscillatory  or  periodic  motions,  a  hysteresis  develops  in  the 
positions  of  the  vonex  cote  and  the  vonex  breakdown  relative  to 
the  static  locations.  Due  to  the  hysteresis  in  the  flow  field,  there 
is  a  corresponding  modificalion  of  the  aerodynmic  loads  on  the 
delta  wing.  The  results  presented  in  the  following  section  arc 
used  to  siww  the  impotumce  of  flow  field  hysteresis  in  either 
vortex  positicn  or  breakdown  on  the  unsteady  loads  and  surface 
pressure  distributions  of  simple  delta  wing  planfbrms. 

Ashley,  Katz,  Janrah,  and  Vaneck'^have  recently 
published  a  paper  summarizing  die  cutrent  state  of  unsteady 
swept  wing  aerodynamics  researoh.  Theoretical,  computational, 
and  experimental  research  involving  both  flow  field  behavior 
and  aemynamic  forces  and  moments  is  described.  Ashley,  cl 
aL.  concluded  diat  for  unsteady  pitching  maneuven  where 
vortex  breakdown  is  not  present,  the  aerodynamic  characteristics 
behave  in  a  quasi-static  manner.  However,  fornnges  of  motion 
where  breakdown  is  present  over  die  wing,  hysteretic  behavior 
is  observed. 

undergo  a  tn^tim^iown  as  vonex  which  can 

cause  a  loss  of  both  lift  and  nose-tfown  pitching  momeiiL 
Unsteady  swept  wing  aerodynamics  at  vay  hi^-angles-of- 
atiack  ire  characterized  by  hysereiic  bdiavitr,  typically  for 
ranges  of  incidence  precluding  vortex  breakdown,  hyamsis 
eflim  are  not  as  pronounced.  A  substantial  ovenhoot  in  the 
aerodynamic  fottss  is  typically  seen  for  oscUbOoty  or  transient 
phehing  maneuvers.  Fre  a  dynamically  pfechiiv  wing  it  may  be 
passible  to  exploii  this  overshoot  or  delay  die  detrimental  effects 
of  breakdown. 

Flying  at  higb-oigles-of-inick  is  iMrinsically  an 
unsteady  fli^  legin^  and  as  such  an  understanding  of  the 
unsteady  aerodynamica  of  sw^  udngf  U  of  value.  An 
underatanding  of  theae  dynamic,  Itigh-ingle-cf-Mack 
phenomemo  II  of  preticuire  coooens  dnitag  the  fending  and 
uiBB-offslngetiiroiieniiaalbriiwqilwi^aiicnft.  During 
such  pbaes  there  aocraft  inuK  openie  It  1^  fetidence  to 
obuin  the  necessreyhi^  lift  coeffident  b  additiai,  milhaiy 
appBcntioiin  sand  regain  in  expanded  coinbnt  maneuvering 
enredope  fioa  inch  an  untlmiindiM.  Manenven  indi  is  nose 
pohningadvriociiyvecKrreningrenDlrehii^saai^esqrf- 
aaack  and  nceeaftd  exncreian  MinU  neocaaaiB  dm  ihiliiy  re 
andciptre  fee  djmintic  aanetka  of  da  flow  Held  to  fee  tnatenver. 
nrednanrerf  flow  mndanfena  nnM  to  beoantifind  before 
effective  fU^ttoontrol  tysanacai  bedevdoeed. 

Tbfe  paper  win  review  da  I  inwre  aMwiaalfegof 
bagt  an^e-edreaefe  ataandy  reodona  on  fee  reeo^aiadc  and 


voftical  walce  characlaiisiics.  The  discussion  will  emphasize  the 
fluid  mechanic  mechanisms  govaning  the  nonlinear 
aerodynamic  loads.  Emphasis  will  be  given  to  showing  die 
relationship  between  the  force  and  moment  coefficients,  surface 
pressures  and  the  flow  field  structure.  The  examples  of  unst^y 
motion  iiKlude  single-degne-of-freerkn,  large  amplitude, 
pitching  or  rolling  motions.  A  70°  wing  was  used  for  the  nicb 
oscillation  tests.  This  sweep  angle  was  chosen  as  a  value  for 
which  a  gteat  deal  of  information  exists  in  the  literature.  As  it 
was  also  deshed  to  examine  dynamic  effects  that  could  be 
associated  with  limit  cycle  wing  rock,  an  80°  wing  was  used  for 
the  roll  oscillatian  tests.  Wing  rock  has  been  documented  for 
wings  with  this  sweep  angle.  Flow  visualizadon  tests  were 
conducted  on  both  wings  to  klen^  static  and  dynamic  vortex 
characteristics.  In  addidon,  for  the  pitch  oscillation  tests,  both 
static  and  dynamic  sur&ce  prnsutes  were  obtained.  For  the  roll 
oscillatian  tests  angular  velocity  and  roll  moment  were  obtained 
during  the  buildim  and  steady  state  stages  of  wing  rock.  Static 
and  dynamic  surface  pressures  were  also  measur^ 

EXPERIMENTAL  RESULTS 

Pitching  Delia  Win« 

Unsteady  force  measurement  for  larp  amplitude  motions 
is  a  relatively  new  area  of  research,  but  the  limited  number  of 
studies  that  are  available  have  documented  the  hysieretic  nature 
of  the  forces  and  moments.  Bragg  and  Soltaai^conducted  an 
experiment  using  a  70°  sweep  «mg  oscUlali^  in  {ntch. 
Hysieretic  behavior  was  noted  in  the  dynamic  loads;  the  amount 
of  which  was  a  function  cf  the  pitch  rate.  This  was  also  seen  by 
both  Brandon  and  Shah^-^  and  Jatrah.^^  Brandon  and  Shah 
examined  the  effects  of  both  sinusoidal  and  ramp  pitching 
motions.  They  reported  a  large  overshoot  of  the  forces  relative 
to  the  steady  stale  values.  Brandon  and  Sh'h  suggested  that  this 
may  be  due  to  a  lag  in  the  separaiioi  n  suachmem  of  the 
lea^g  edge  vortices  during  the  dynairtc  maneuver.  Janah 
utilized  delta  wings  with  aspect  r^'tios  of  1, 1.5.  and  2  and  angle 
of  attack  ranges  of  0-30°  and  0-1  .  He  saw  a  large  oveishooi  in 
the  aetixiynatnic  caefflcienis  for  the  OtiO°  motion,  and  noted  that 
this  overshoot  was  a  fl..ction  of  the  aspect  ratio  as  well  as  the 
pitch  rate.  Figure  1  is  an  example  of  latrah's  dau  that  cteariy 
shows  the  large  aerodynamic  hysteresis. 
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Figure  1.  Unsteady  Aerodynamic  Coefficients  for  a 
Slender  Delta  Wing  Aspect  Ratio  »  1.0,  k  « 
0.03.  Re  -  635,000,  Pitch  AmpHturle  •  0-60°. 
(Fromlarrah). 
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with  the  static  curve.  This  data  was  obtained  by  Brandon  and 
Shah^  using  a  force  and  moment  balance  to  measure  the 
dynamic  loa^  on  a  pitching  delta  wing  If  the  dynamic  lift  can 
be  maintained,  then  it  would  be  possible  to  increase  the 
maneuvering  perfoimance  of  airplanes.  However,  to  eiqiloit 
dynamic  lift  a  better  understanding  of  unsteady  slender  wing 
aerodynamics  will  be  required  than  is  presently  available. 


Figure  2.  Dynamic  Lift  Overshoot  of  a  Slender  Delta  Wing. 

Leading  Edge  Sweep  Angle  =  70°  (From 
Brandon  and  Shah). 


Surface  Piessuie  Distributions 

The  unsteady  pressure  data  for  pitching  oscillations  over 
an  angle  of  attack  ran^  of  0-30°  showed  pressures  fluctuating  in 
phase  with  model  motion,  and  little  overshoot  ftom  the  static 
values.  This  is  consistent  with  force  measurement  made  by 
lartah.  On  the  other  hand,  the  pressure  for  a  2-60°  angle  of 
attack  range  (a  range  of  motion  including  the  existence  of  vortex 
breakdown  over  die  wing)  showed  large  overshoots  from  the 
steady  state  values.  In  addition,  during  the  higb-anglCHof-attack 
potion  of  the  motion,  the  upstroke  (angle  of  atock  increasing) 
pressure  coefficients  were  typically  much  lower  than  the 
downstroke  values.  Pitch  rates  of  0.90  and  0.45  Hz  were 
examined;  and  for  the  lower  rale  these  was  little  diRbrence 
between  upstroke  and  downstroke  pressures  at  the  low-angles- 
of-attack. 

For  the  70°  wing,  steady  surface  ptesstire  measurements 
were  made  with  the  wing  at  a  fixed  angle  of  attack,  over  a  range 
of  2-60°  angle  of  attack.  The  Reynolu  number  was  420,000. 
Hgure  3  is  a  sketch  of  the  model  geontetry  and  pressme  orifice 
loations.  Pressure  profito  were  obtained  along  all  three  arrays 
of  pressures  taps  on  the  wing  sinface. 

The  static  data  is  presented  in  Figs.  4  and  5.  Figured 
shows  data  taken  along  a  line  of  constant  span  location,  at  y/s  = 
0.60.  Each  ptessure  distribution  cooaistt  of  pressures  measured 
from  twelve  chord  locations  from  0.3Sc^.90c.  From  Fig.  4  it 
can  be  seen  that  the  pressme  profiles  up  ID  10*  are  effixtively  the 
same.  Above  this  angle  the  pressures  begin  dropping,  and  at  40° 
the  mimroum  Cp  has  been  reached  as  most  of  the  chmd  locations 
sampled.  It  is  near  this  an^  of  mtack  that  70°  swen  delta 
wings  typically  achieve  a  maximum  Hftooellicieat.*’^'*^'*^’*® 
The  lowest  pressure  coefficiem  roeasumd  it  a  Cp  of -3.75,  at  the 
35%  chord  location. 

Above  40°  an^  of  attack  the  prettves  begin  tisit^.  At 
50°  the  pressure  distribution  has  roogMy  the  trine  sfaime  and 
slope  Mlh*  of  the  lower  ittcktoice  curves,  for  exampfe  30° 
inadeitoe.  However,  finnS0*tD60°iheimiertut&e 
ptemotet  become  more  untfbtin,  indicaihtg  the  onset  of  ftdW 
repanned  flow  over  the  tmfhoe  of  the  wing.  At  60°  die  profile  is 
veiyflal,ataCpOf-1.3. 

Figure  5  shows  die  tpmwire  pretwe  tfitliibotioo  at  a 
chaidlacaiionaf75%.  Thbfigme  is  labeled  in  lenns  of 
negsiive  span  locsiiDns;  ddt  is  nsed  ID  dUtoeito  dm  left 
(negadve)  sUe  of  die  oenseiiiae  ftos  to  rksh  (posMve)  side,  ss 
viewndfiaadmiesr.  As  in  dm  previous  iton,siigto  of  atisek 
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ficm  2-£0°  are  shown.  Ii  is  imponam  lo  note  that  (he  qipCT 
sur&ce  bevd  extends  from  the  leading  edge  to  a  span  locaticn  of 
76%  y/s  on  either  side.  Hence,  along  the  75%  chm  line  the 
outhoud  two  pressure  taps  are  located  on  the  bevel,  and  the  next 
tap  is  at  the  interface  between  the  bevel  and  the  flat  upper 
simace. 

From  Fig.  5  it  can  be  seen  that  the  pressures  at  these 
three  taps  change  with  angle  of  attack  even  at  the  very  low 
angles,  Cron  2-10°.  Note  that  the  pressure  at -60%  y/s  is 
efrectivelycanstantupto  10°aswasseeninFig.4.  Above  10°a 
suction  p^  is  evident  in  the  pressure  profile,  due  to  the 
presence  of  the  leading  edge  vonex  over  the  surface  of  the  wing. 
Although  the  vortex  core  is  located  some  distance  abow  the 
wing,  its  presence  can  be  detected  at  the  surface  by  this 
minmum  pressure  peak.  As  the  vortex  moves  inboard  with 
increasing  angle  of  attack  (see  Jatrah*^'^,  Roos  and 
Kegelman^^,and  Parker*^,  so  does  the  suction  peak.  At  15°  it 
is  located  at  approximately  76%,  and  by  40°  it  has  moved  to 
approximately  64%.  The  value  of  this  peak  pressure  changes 
only  slightly  mm  30-40°;  the  prin^  difference  occurring  over 
those  angles  of  attack  is  a  broadening  of  the  peak  and  a  debase 
of  die  inboard  pressures. 

The  suction  peak  reaches  its  minimum  value  of  Cp  =  -2.0 
at  40°  angle  of  attack.  Above  this  angle  the  spanwise  pressures 
begin  increasing.  As  in  Fig.  4,  from  50-60°  the  pressures  are 
leveling  out  and  by  60°  the  pressure  distribution  has  become 
newly  uniform.  The  suction  peak  is  ordy  slighdy  visible  at  50°. 
arid  is  completely  gone  by  60°. 

As  with  the  stearfy  pressure  data,  the  unsteady  pressure 
distributions  for  the  70°  wing  were  all  obtained  at  a  Reymolds 
number  of  420,000.  Dynamic  angle  of  attack  ranges  of  0-30° 
and  2-60°  were  used.  Two  pitch  rates  were  examined, 
correnxinding  to  reduced  fiequencies  of  k  =  0.0764  and 
0. 1528.  The  tests  conducted  over  the  range  of  0-30°  revealed 
that  the  surface  pressures  oscillated  in  phra  with  the  model 
motion.  No  consistent  hysteresis  effects  were  seen;  this  is 
consistent  with  the  trends  seen  by  other  researchers  who 
examined  ranges  of  motion  where  vortex  breakdown  did  not 
exist  over  the  wing  (see  Ref.  12  for  further  information  on  this 
point).  The  data  for  this  range  of  motion  has  been  documented 
in  Ref.  1 1  and  will  not  be  presented  here. 

Figures  6  and  7  contain  dau  for  the  range  of  motion  of 
2-60°.  TTw  reduced  frequency  was  0.0764,  corresponding  to 
0.45  Hz.  Twelve  chord  locations  from  0.35-0.90c  were 
sampled,  all  at  a  constant  span  location.  Figure  6  shows  the  dau 
plotted  as  a  fimction  of  angle  of  attack  in  order  to  illustrate  the 
overshoot  and  hysteresis  characteristics.  The  pressures  from  die 


0.35c,  0.55c,  and  0.75c  chordwise  locations  at  a  fixed  y/s  = 
6(^aredis|dayedinthethreepartsofFig.  6.  Both  the 
direction  of  motion  and  the  corresponding  static  dau  are  shown 
on  each  curve  for  reference.  The  vertical  lines  drawn  through 
the  40, 50,  and  55°  angles  will  be  used  as  a  reference  for  Fig.  7. 
The  upstroke  pressures  approximately  follow  the  sutic  pressures 
up  to  an  angle  of  40°.  At  Ais  point  the  steady  case  pressures 
begin  increasing  while  the  unsteady  case  pressures  continue  to 
decrease.  This  can  be  seen  at  each  of  the  three  chord  locations 
shown  in  Fig.  6.  This  effect,  when  integrated  over  the  entire 
surface  of  the  model,  produces  the  oveidioot  in  lift  coefficient 
seen  by  other  rescarchers.^'^'^  For  the  35%  location  this 
oversimt  is  as  high  as  60%  above  the  sutic  value.  The 
downstroke  pressures  are  higher  than  both  the  upstroke  and  the 
steady  pressures.  The  downstroke  pressures  become  equal  to 
the  upstroke  pressures  between  25-30°  angle  of  attack.  Below 
diis  angle  the  unsteady  and  steady  curves  are  effectively  the 
same  for  each  chord  location.  This  is  true  of  each  of  die  chord 
locations  sampled  in  addition  to  the  three  shown  in  Fig.  6. 

Figure  7  shows  the  instantaneous  pressure  proTiles  along 
the  ray  frm  0.35c-0.90c,  taken  at  each  of  the  three  angles  of 
attack  (40°,  50°,  55°)  indicated  in  Fig.  6.  Figure  6  shows  the 
overshoot  of  individual  ups  through^  the  motion.  Fig.  7 
shows  the  overshoot  of  all  twelve  ups  at  one-angle-rrf-atiack 
during  the  motion.  The  lines  superimposed  on  Fig.  7 
correqxmd  to  those  tap  locations  in  Fig.  6.  At  40°  only  the 
pressures  frtrm  0.3S-0.SSc  have  begun  to  overshrxrt  the  steady 
values;  the  other  chord  locations  are  still  at  or  close  to  their 
steady  values.  By  50°  the  upsnoke  pressures  are  lower  than  the 
steady  pressures  at  each  chord  hreation.  At  55°  the  unsteady 
pressures  have  still  not  collapsed  although  they  have  dccte^ed 
slightly  from  the  50°  values.  The  downsnoke  pressures  indicate 
a  separated  flow  condition  over  the  wing,  and  as  such,  they 
match  the  steady  pressures  which  also  reflect  that  condition.  At 
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Figure  4.  Chordwise  Steady  Pressure  Dau.  y/s  =  60%.  2- 
60°  Angle  of  Attack.  R^  =  420.000. 
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Figure  5.  Spanwise  Steady  Pressure  Dan.  x/c  <  75%.  2- 
60°  Angle  of  Attack.  R«  -  420.000. 
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Figure  6.  Unsteady  Pressure  Cocfficieni  as  a  Function  of 
Angle  Of  Attack  for  Three  Chord  Locations;  x/c  = 
35%.  55%.  75%.  k  =  0.0764.  Static  Data  also 
Shown.  Rc  '  420.000.  Highlighted  Angles  of 
Attack  Refer  to  Fig.  4. 


Figure  7.  Instantaneous  Chordwise  l^essure  ProfUet  for 
both  Upstroke  and  Downstroke.  Three  Angles 
of  Attack  Shown;  40. 50, 55^.  k  «  0.0764. 


50*^  the  downstrc^e  pressures  also  show  fully  sqiaraied  flow, 
while  the  steady  pressures  are  somewhat  low.  As  the  model 
continues  pitching  down,  the  pressuies  at  each  chord  locatioa 
begin  decreasing.  By  40*  the  ptssure  distribution  is  no  longer 
flat;  this  indicates  that  the  leading  edge  vortices  have  reformed 
over  the  strface  the  wing. 

Figure  8  riiows  presaire  data  taken  along  a  line  of 
pressure  taps  located  at  a  constant  chord  locatioo  of  0.7Sc.  This 
data  shows  instantaneous  {vessure  proHles  u  a  specific  angle  of 
attack  and  for  the  lower  r^u^  fr^uency  cd*  k  s  0.0764.  The 
same  three  angles  of  anack  are  shown  as  in  the  previous  plots; 
40. 50.  and  S5^.  The  60%  y/s  pressure  tap  has  been  singled  out 
as  a  reference;  it  also  exists  in  the  constant  span  data,  shown  in 
Bgs.  6  and  7. 

At  40^  angle  of  attack,  the  upstroke  unsteady  pressures 
are  essentially  the  same  as  the  sready  pres^ires,  at  each  of  the 
spanwise  locations  sampled.  Increasing  to  50°  the  steady 
pressures  begin  to  rise  while  the  upsm&e  pressures  remain  low, 
undl  by  55°  the  upstroke  pressure  coeffici^  are  almost  twice 
the  steady  values.  The  steady  data  and  the  downstrolre 
pressures  are  essentially  the  same. 

WING  ROCK  FOR  SLENDER  WINGS 

Slender,  flat  plate,  delta  wings  having  leading  tdgt 
sweep  angles  greater  than  76  de^ees  have  b^n  obso^ed  to 
exhibit  a  limit  cycle  rdl  oscillation  at  angle  of  attack.  This  limit 
cycle  rolling  oscillation  is  commonly  caUed  '*wing  rock."  By 
definition,  a  limit  cycle  motion  is  one  that  reaches  a  steady  state 
oscillation  independent  of  the  initial  conditions.  Figure  9  is  an 
example  of  the  limit  cycle  n^ng  motion  of  an  80  diegice  delta 
wing  measured  on  a  ftee-to-roll  systtm  incorporating  an  air 
bearing.  The  wing  rock  rdl  an^e  amplitude  increases  with 
increasing  angle  of  attack  as  illustrated  in  Fig.  10.  When  vortex 
breakdown  starts  occurring  over  the  wing  above  35°  the 
amplitude  drt^s  sharply. 

The  wing  rock  motion  was  analyzed  by  obtaining 
angular  velocity  and  angular  acceleration  from  the  roll  angle  time 
histories.  Thh  information  was  very  useful  in  studying  the  limit 
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Figure  8.  Instantaneous  Spanwise  Pressure  ProfUet  for 
Both  Upstroke  and  Downstroke.  x/c  ■  75%. 
Three  Angles  of  Attack  Shown;  40, 50, 55°.  k  « 
0.0764. 


3-5 


60 


-«oi — _ _ _ _ _ _ _ _ _ _ 

Q  S  10  15  20  25  30  35  40 

T ima  <ttac.  > 


Figure  9.  Time  History  of  Wing  Rock  Buildup  (a  =  30®), 


This  expression  for  the  energy  exchange  may  be  written 
in  a  more  convenient  form  by  rewriting  the  equation  in  terms  of 
the  instantaneous  roil  angle  ^t): 


AE  = 


qSb  ^Ci«.(t))th> 


(4) 


Angle  of  Attack  (deg.) 

Figure  10.  Wing  Rock  Roll  Amplitude  versus  Angle  of 
Attack.  Rt  =  348,000. 

cycle  behavior  of  the  tnotion.  The  determination  of  dand  V 
involved  a  two  step  data  reduction  process.  First,  the  roll  angle 
tune  history  data  was  low  pass  filtaed.  This  was  necessary  to 
remove  the  digital  "steps”  m  the  dau  wMcb  would  manifest  itself 
as  high  frequency  noise  when  diffinendaied  Central 


where  Ca  is  the  curve  obtained  by  plotting  Ci  as  a 
function  of  the  instantaneous  roll  angle  ^t)  for  a  given  time 
interval.  The  physical  interpretarion  of  Eq.  4  is  that  the  energy 
exchanged  in  a  cycle  of  motion  is  directly  relared  to  the  area 
enclos^  by  the  rolling  moment  curve.  When  the  loop  encloses 
an  area  in  a  clockwise  sense,  energy  is  being  added  to  the 
system,  whereas  counterclockwise  loops  in&ale  that  energy  is 
being  dissipated  bom  the  system.  Figure  1 1  is  a  graphical 
representation  of  the  energy  for  several  diffeiem  rolling  motions. 


Amwg  indkaie  difvctiuB  in  lime 


diflerencing  schemes  were  then  used  »  determine  ^  and  4 . 
Validatioo  of  this  method  may  be  found  in  Ref.  16. 

Roll  momem  coefTicient  could  be  obtained  from  the 
angular  acceleration  data.  The  calculation  of  C|  is  made  simple 
by  the  fact  that  the  model  is  constrained  to  oneKlegreerof- 
freedom.  The  equation  of  motion  for  the  system  is: 


l/6(t)  =  £L(t)  (1) 

where:  IL  *  Laero  +  l^waring 

With  the  use  of  the  air  beating  apparatus  Ltieanig  <t<ay  be 
neglected,  effectively  isolating  the  aerodynamic  effects  on  the 
wing.  In  coefficient  form,  the  equation  may  be  written: 


Using  a  torsional  pendulum  technique,  the  rotadond 
moment  of  inertia  I,  was  determined  expetimentrily.  With  this 
result,  die  aerodynamic  roHing  moment  coefficient  Q  could  then 
he  easily  calculaied. 

With  Q  known,  the  energy  exchange  technique  used  by 
Nga^,  Yip.  and  Chambersl^  was  heUfu)  in  an^lyaing  the 
mechantens  driving  the  Ifanit  cycle  oiciilaikn.  Fordtesingle- 
degrae-of-ffeedom  motion,  the  enm  is  equal » the  Implied 
mistimes  the  angular  velocity.  Tm  energy  added  lo  or 
extracted  horn  the  system  dating  the  motion  for  a  specific  rime 
inieml  can  be  expreaaed  as: 


Untfatile  cycle 

(Dimy  Eiuiictetf  from  Ficc-Stmm  ) 


(Encfsjr  Diiaiptfad  front  Syflem) 
b. 


AE-t^b  fcKOdCDdt 


Figure  11.  Typical  C|  vs  ♦  Curves  Showing  Energy 
Exchange. 


(3) 
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In  Figure  9,  two  cycles  of  the  mockm  are  identified,  one 
cycle  in  the  build  up  portion  of  the  motion  and  the  other  when 
the  limit  cycle  is  readied  The  buikk^  cycle  and  steady  state 
cycle  were  singled  out  for  a  more  detailed  analysis  as  cycle  1  and 
cycle  2.  The  dynamic  roU  moment  characteristics  of  the  buildup 
cycle  (cycle  1)  may  be  seen  in  Fig.  12.  Note  the  clockwise  loop 
in  the  plot  which  indicates  a  dynamic  instability,  and  diat  the 
restoring  moment  is  roughly  linear  widi  rdl  an^e.  Energy  is 
being  fi^  to  the  system,  therefore  the  roll  an^e  amplitude  is 
increasing.  The  loop  is  very  thin  which  accounts  for  the  fact  that 
the  buildup  happens  very  slowly.  Figure  13  is  the  analogous 
plot  of  the  roll  moment  coefficient  af&  the  system  has  reach^ 
steady  stare  (cycle  2).  The  unstable  region  of  ^e  plot  stiU  exists 
between  -22°  and  but  two  stable  doping  lobes"  have 
formed  for  the  larger  roll  angles.  The  area  of  these  lobes  equals 
the  area  of  the  unstable  pc^on  of  the  plot  such  that  the  net 
energy  exchange  is  zero.  This  condition  is  necessary  ftM*  the 
limit  cycle  oscillation  to  be  sustained 


A 1 •  30  d«9. 


Roli  Arngla  (dttg.  } 

Figure  12.  Ci  versus  ♦  for  Cycle  1  (Buildup). 


AloT'o  *  30  d«a. 


Roll  Angla  (dvg. ) 

Figure  13.  Cl  versus  4  for  Cycle  1  (Steady  State). 


RoliingWing:  Vortex  Trajectory  Results 

It  is  known  that  vortex  position  above  a  delta  wing  is  a 
function  of  roll  angle  (or  sideslip).  Jun  and  Nelson  have 
shown  a  dependence  of  vorrex  position  vi  roll  angle  for  an  80° 
sweep  delta  wing  experimentally.  The  results  tndicare  that  the 
static  and  dynamic  voitex  trajectories  differ  greatly.  The 
(fynamic  position  of  the  vortices  exhibits  a  time  lag  phenomenon 
which  accounts  for  the  t^tpearance  of  hysteresis.  Time  lag  in 
vortex  position  has  also  b^n  seen  in  numerical  simulations  by 
KonstaidnopCHilos,  Moc^  and  Nayfehl^  using  an  unsteady 
vortex  lattice  model  coupled  with  a  single-degm-of-fireedom 
equation  of  motion,  and  has  been  suggested  with  analytical 
arguments  by  Ericsson.^  The  vortex  position  above  a  delu 
wing  greatly  affects  the  pressure  distrilration  and  it  is  thought 
that  the  movement  of  the  leading  edge  vortioes  may  be  a  driving 
mechanism  in  the  wing  rock  motion. 


The  purpose  of  these  experiments  was  to  conetaie  the 
position  of  the  leading  edge  vortices  with  the  model  motion 
during  wing  rock  to  d^rmine  the  effect  of  dynamic  vortex 
movement  cm  the  model  motion.  the  apparatus  developed 
for  tius  study,  the  vortex  position  during  wing  rock  could  be 
related  to  time,  roll  angle,  angular  velocity,  and  rolling  monrenL 

The  angle  of  attack  chosen  for  these  ejqreriments  was 
30°.  The  reason  for  this  choice  is  twofold.  First,  since  wing 
rock  is  present  even  in  the  absence  of  vortex  Ixcakdown.  the 
fundamental  mechanisms  causing  the  motion  can  be  further 
isolated  by  operating  at  an  angle  of  attack  where  lueakdown  is 
not  seen.  Secondly.  0=30°  yields  the  largest  roll  excursions, 
hence  the  motion  of  the  vrmices  are  large  in  amplitude  which 
reduces  the  percentage  of  error  when  digitizing  the  video  images 
of  the  vortices. 

Steady  vortex  experiments  were  first  coiulucted  for  a 
comparison  with  the  unsteady  results.  Left  and  right  vortex 
posititm  refers  to  a  view  from  the  trailing  edge  of  the  wing.  'Die 
static  results  show  that  as  one  side  of  the  wing  moves 
downward,  its  associated  vortex  moves  inward  both  spanwise 
and  normally,  and  vice  versa  on  the  upward  wing.  Note  that  use 
of  ti)e  word  normal  refers  to  a  coordinate  sysrem  that  rotates 
wid)  the  wing;  hence  normal  distance  is  the  distance 
perpendicular  to  the  plane  of  the  wing  surface.  When  the  vortex 
position  is  analyz^  during  wing  roc^  the  results  differ  gready 
from  the  static  case.  Figures  14a  and  14b  show  the  normal  and 
spanwise  static  positions  of  the  vortices  and  the  position  during 
two  steady  state  cycles  of  wing  rock.  The  normal  dynamic 
position  of  the  vortices  exhibits  a  large  hysteresis  loop  whereas 
none  is  discemable  in  the  spanwise  positimt  of  the  vortices. 

The  results  obtained  from  this  analysis  reveal  some 
interesting  phenomena  which  have  not  been  reported  previously. 
A  time  lag  exists  in  the  position  of  the  vortices  during  the  wing 
rock  cycle,  however  this  time  lag  manifests  itself  in  ^y  one 
aspect  of  the  motion.  The  time  lag  in  vortex  position  is  only 
seen  in  the  normal  vortex  position.  No  time  lag  is  seen  in  the 
spanwise  position  of  either  vortex. 


«i> 

b,  SpanwiK  PiKition 


Figure  14.  Sutic  and  Dynamic  Vonex  Poation  vs.  ^  @  95% 
Chord  (a  =  30°). 
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In  (vder  to  analyze  the  effect  that  voitex  motion  has  on 
wing  rock;  all  of  the  factors  which  contribute  to  rolling  moment 
should  be  kept  in  mind  The  contribution  to  the  rolling  moment 
doe  to  tte  leading  edge  vortices  is  a  function  of  their  position, 
strength  and  state  (i.e.  whether  breakdown  has  occuired).  From 
the  flow  vuuatization  data,  the  position  and  state  of  the  vonex 
can  be  detomined  However,  vcMiex  strength  is  unknown. 

An  argumoit  may  be  made  as  to  how  vortex  strength 
varies  with  roll  an^e.  For  a  model  constrained  to  roll  around  its 
longitudinal  axis,  the  downward  wing  will  experience  an 
effective  decrease  in  sweep  whereas  the  upw^  wing  will  see  an 
effective  increase  in  sweep.  FOr  a  given  angle  of  attack,  less 
sweep  implies  a  stronger  vortex.  Therefme  one  can  a>nclude 
that  the  variation  in  vortex  strength  due  to  roll  angle  will 
contribute  to  a  static  restoring  moment  In  additioo,  one  might 
expea  a  lag  in  vortex  strength  due  to  the  convective  time  lag 
as^ated  with  the  transport  of  vorticity  along  the  wing  for  a 
dynamic  mo^l.  This  would  of  course,  create  a  lag  in  the 
resuxing  moment 

Since  asymmetry  in  vortex  position  is  one  of  the  factors 
that  will  contribute  to  the  rolling  moment,  a  method  was 
developed  for  interpreting  die  data  which  quantifies  the  normal 
and  spanwise  vortex  asymmetries.  Hgure  15  is  a  sketch  of 
asymmetric  vortex  position  osed  to  define  asymmetry  parameters 
Ay  and  Az.  Az  is  a  measure  <3(  the  normal  asymmetry  between 
the  two  vordces  and  is  defined  such  that  a  positive  Az  will  favor 
a  positive  rolling  moment.  Similarly,  Ay  is  a  measure  of  the 
spanwise  asymmetry  of  the  vortices  and  is  defined  such  that  a 
positive  Ay  will  favor  a  positive  roll  moment  (assuming  y/s  is 
not  greater  than  1).  The  asymmetry  parameters  are  defin^  as 
follows: 


Az  »  Zr  -  zi 

Ay  =  lyil-ly,l  <5) 


While  Az  and  Ay  indicate  the  direction  of  the 
contribution  to  rolling  moment  due  to  vortex  potion 
asymmetry,  the  actual  magnitude  of  theii  oontributions  is 
unlmown. 


Vortex  Core 


-z4 


z 


1 


Vortex  Core 

¥ 

Zr  - 

Rear  View 


Figure  15.  Sketch  of  Asymmetric  Vottex  Position. 


in  vonex  strength.  In  this  study,  only  the  coiurihutuM  to  toll 
moment  from  &  lag  in  vonex  position  could  be  analyzed 

The  hyslereris  phenomena  seen  in  Figa  14  and  16a  can 
alooe  inovide  the  instability  necessaiy  to  sustain  the  winjg  took 
motion  if  a  time  lag  in  vonex  strength  is  not  present  Wuhno 
signdicant  dme  lag  in  vonex  strength,  vonex  strength 
asymmeny  will  only  contribute  to  a  restoring  moment  and  not 
die  destabilizing  moment  necessaiy  to  sustain  wing  tock.  In 
Fig.  14,  the  dme  lag  in  nonnal  vortex  position  is  seen.  Figure 
16s  shows  that  due  to  the  time  lag,  a  switch  to  a  luioring 
moment  contribution  from  die  natinal  vonex  pondon  asymmeny 
does  not  occur  undl  appioximalely  20°  for  positive  roll  rates,  and 
approximately -20°  for  negadve  toll  rales.  Compare  this  result  to 
the  C|  vs.  6  result  in  Fig.  17  which  coiieqionds  to  two  steady 
state  cycles  of  vonex  modoo.  It  can  be  seen  that  the  unstable 
Rgkm  of  the  plot  lies  between -20°  and  20°.  Thelagin 
asymmeny  must  be  great  enough  to  ovetcane  the  roU  damping 
moment  which  increases  for  small  toll  angles  due  to  higher 


b.  Spanwise  Asymmeny 


Figure  16.  Steady  and  Unsteady  Vonex  Asymmeny  at  0.9Sc 
(a  =  30°). 


Figures  16,  a  and  b,  are  plots  of  Az  and  Ay  for  the  static 
case  and  for  the  two  steady  state  cycles  of  wing  rock.  The  sude 
notmal  asymmeny  is  seen  u>  contribute  to  a  restoring  moment 
sinoe  the  downw^  wing  vonex  is  closer  to  the  wing  surface 


than  the  upward  wmg  vonex.  The  static  spanwise  asymmeny 
can  be  seen  to  conttmote  to  1  roll  roomemm  the  oppoiiB  sense 
since  the  downward  wing  vmex  moves  closer  to  die  toot  chord, 
and  the  iqiward  wing  voftox  moves  away  fion  the  root  chord. 
However,  the  eontrihodon  bom  ntnwiae  aaynunetry  in  vonex 
poshian  to  toO  moment  must  be  aondnaKd  tv  (he  cansibulians 
Bum  normal  asyntmeoy  tnd  vonex  toengih  asymmeny  for  die 
sonic  restoring  moment  to  he  prodooed.  Abo  note  dM  there  is 
hysteresis  hi  vonat  position  asymmeny  confined  to  the  dnection 
nofmd  to  die  wing,  which  b  oonibtoal  with  the  fact  Am  the 
dme  bf  in  vofin  movement  b  oonfhied  to  Ac  nonml  dtaectioD. 

If  leslorfaig  and  positive  tbmping  mowifiils  alone  were 
pfcmc,  oK  wottM  OQk  is  tiBM  if  psffMtod. 

TneieAxe  Aere  must  be  an  nnod^tnnndc  phenomenon  Am 
gmgysadMBhBtri»giyentdnriq|wlngiocfc 
esndUMes  itr  Ae  Bse^Mndns  leipondMe  fin  Ae  deiAbiltsiog 
mnnMni  tachde  Ae  dme  Igg  to  wawt  poAtan  anfitar  t  fime  l4 


C|  vems  d  far  Two  Steady  Stole  Cyctos  of 
MoAm 


Hfoel?. 
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angubr  velocity.  The  leveling  off  of  the  Q  vi  ^  curve  is  mott 
likely  due  to  the  leveling  off  rf  the  vcnex  position  time  histories 
seen  in  Fig.  14  when  the  vottex  approaches  the  wing.  These 
lesults  mggea  that  the  time  lag  in  nonnal  vonex  asynuneoy  may 
be  a  mechanism  lesponsible  for  wing  rock.  These  results 
motivated  a  further  study  of  the  phenomenon  which  will  yield 
the  unsteady  sinface  pnasures  on  the  model  The  data  may  be 
cofielased  with  the  motion  of  the  model  and  the  rartioes  to  gain  a 
better  undentanding  of  the  aerodynamic  mechanisms  at  work. 

EHect  nf  Vmtex  Blmkdnwn  nt  Winy  BnA 

In  Ref.  21,  static  and  dynamic  vortex  breakdown 
characteristics  during  wing  rock  were  presented.  In  the  current 
study,  the  data  is  presented  in  a  manner  wUch  reveals  the  effect 
of  vortex  breakdown  on  the  wing  rock  motion.  Data  is  available 
in  the  literature  which  has  shown  vortex  breakdown  to  have  a 
damping  effect  on  the  motion.^ 

As  with  vortex  position,  vortex  breakdown  contributes 
to  a  tolling  moment  on  the  wing  through  asymmetry.  For  this 
reason,  a  voitex  breakdown  asymmetiy  parameter  Ax  was 
defined.  If  the  distance  of  the  breakdown  hom  the  apex  is 
greater  on  the  left  side  of  the  wing  than  that  on  the  tight,  the 
asymmetiy  will  contribute  to  a  positive  tolling  moment  Figure 
18  is  a  sketch  showing  the  asymmetry  in  vortex  breakdown.  Ax 
was  defined  such  that  if  the  asymmetry  favors  a  positive  tolling 
moment  then  Ax  is  positive: 


vortex  breakdown  results  to  the  dynamic  case  may  be  veiy 
misteading. 


RoU  Aiflt  (a<t.) 


Figure  19.  Static  and  Dynamic  Vortex  Breakdown 
Asymmetiy  (a  =  4(n. 

S.utfKc  Pressure  McasuremtiiB 


Ax  =  XI  -  x,  (6) 

where  XI  and  Xr  are  the  chordwise  vortex  breakdown 
locations  from  the  apex,  of  the  left  and  right  vortices  respectively 
(as  viewed  from  the  trailing  edge).  Ax  was  plotted  with  roll 
angle  to  bener  show  the  effect  of  breakdown  on  the  model 
motion. 


Figure  18.  Sketch  of  AsytmnelrK  Vortex  Breakdown. 


Static  pressure  data  was  taken  at  3  chordwise  stations 
(30%,  60%  and  90%)  for  a  range  of  roll  angles  bom  -45°  to  45°. 
Reynolds  number  for  the  tests  was  4(X>,000,  and  the  angle  of 
attack  was  30°.  The  static  data  will  serve  as  a  baseline  for 
comparison  with  dynamic  pressure  data  taken  on  a  wing 
undergoing  wing  lock.^^ 

Figure  20  shows  typical  spanwise  pressure  profiles  at 
the  60%  chord  location  for  some  of  the  negative  roll  angles 
testnl.  Surface  pressure  coefficient  is  shc^  on  the  bottom  and 
top  surfaces  (rf  the  wing.  The  suction  peak  on  the  left  side  of  the 
wing  is  seen  to  increase  up  to  a  roll  ap^  of  -25°  where  it  then 
decreases.  The  peak  is  also  seen  to  move  toward  the  root  chord- 
fhe  suction  peak  on  the  right  side  of  the  wing  is  seen  to  decrease 
as  roll  angle  becomes  more  negative. 


Figure  19  shows  static  and  dynamic  vortex  breakdown 
parameter  Ax  vs.  roll  angle  for  aa40°.  The  effect  of  vortex 
breakdown  on  the  model  is  very  apparent  in  this  plot  Since  the 
slope  of  the  Ax  vs,  ^  curve  is  positive  for  all  roll  angles  for  the 
static  case,  the  static  data  suggests  that  the  effiect  of  vorlex 
breakdown  on  wing  rock  is  so  crease  a  roll  divergence. 

However,  the  reanlis  ftero  the  dynantic  expesimemi  suggest  a 
very  difiinent  effect  Dneti>thelaqedinelag,theefleoof 
dynamic  breatalown  on  the  wing  is  n>  have  a  damping  effiect  on 
themotion.  This  is  due  So  the  firet  that  die  pamneler  Ax  always 
ftvm  a  roOittg  moment  in  the  opposiie  dheeshm  to  the  rosadan. 
This  analyiis  canaoi  dive  die  miupiiaide  of  the  eimnihadoa  so 
the  lelliag  moment  of  the  wing,  but  it  does  provide  dm  insight 
htm^ualimtivdy,  how  the  dynamic  motion  ofe  breakdown 
afibets  the  wing. 

_  _  Born  dmmiyihs  it  aypeeti^m  theeBbct  of  vortex 
bnikdown  dving  wing  rode  tt  10  providB  ft  dHiplH  noflMKv 
VowexhceeltdDwndeesMtsmm  meoaadkmemeiiadhtcigiace 
for  (he  experimeats  conducted.  Itiscleerdmte 


Y/s 

Figure  20.  60%  Chord  Pressure  Profiles  for  Several  Roll 

Angles. 

The  efaadwise  nend  in  spanwim  pressure  dunibutioo 
may  he  teen  in  Fig.  21.  The  dam  shown  is  at  die  30%,  60%  and 
90%itationiftjraroUangleof0°.  The  upper  surface  pressure 
GOeffiGiem  increases  with  chord  location  whereas  the  lower 
siaftee  nressue  ooeflicieoi  changes  Hide  with  chard  stuioa. 

Resilts  ttom  static  flow  visuahatiae  of  vonex  core 
location  wmconeiaied  with  spanwise  pressure  ooeffidem. 
l>piGal  lesBils  may  be  Men  in  Hg.  22  which  is  a  view  ftom  the 
treohig  edge  uf  An  wing.  The  data  shown  iatt  the  60%  chord 
tiatioefcrroilanglriofy,-25*and-43*.  Ai  dm  whig  it  rolled 
In  t  aegmive  dhacdon,  dm  voriBx  on  the  left  tide  of  the  wing 
veaMomdandsowerdstheanfsee.  Iheomcapandittg 


-2S*.dbeaBCih»pBekiilowtr.  OnCeiiifitakleorifatwi^ihe 
sBctian  peak  lednem  as  dse  vanex  arews  enugr  flore  die  wing, 
aadttaonaveaombaael  ThetepsereanpiaBleaietealhow 
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FigvmZl.  ^=0°  Pressure  Profiles  at  30961,60%. 
Clionl. 


Figure  23  shows  unsteady  piesauie  data  for  3  ndl  angles 
and  both  rotational  directions.  For  6  >  0°,  the  pressure 
distiibutioas  ooneqxxiding  to  positive  and  ne^ve  toll  rates 
differ  measurably.  The  suctioii  peaks  are  symmetric  in  a 
qianwise  sense,  Mt  with  tespea  to  magninide,  the  suction 
peaks  on  the  imward  travelling  side  of  the  wing  is  greater.  This 
generatesaroD  moment  in  die  direction  of  roiatioii,  creating  an 
inst^ility.  For  ^  =  -25°,  the  difference  between  the  profiles 

is  much  less  discemable.  Distributions  for  both  roll  directions 
favor  a  restoring  moment  as  seen  in  the  satic  pressure  data.  The 
small  difference  between  the  dyniunic  distributions  is  to  be 
expected  when  the  data  is  vien^  in  light  of  the  roll  moment 
curve.  Ford  =  -25°,  the  roll  moment  hysteresis  has  just 
entered  a  region  of  diunping  and  the  diffnence  in  moment 
between  positive  and  negative  directions  is  small. 

Maximum  ndl  angle  reached  is -45°.  The  suction  peak  in 
this  pressure  distribution  is  lower  than  that  seen  for  d  =  -25° 
which  is  consistent  with  that  seen  in  the  static  data.  The  cause  of 
the  slope  reduction  in  the  toll  moment  data  for  large  roll  angles. 


II 

_ 

.  ,a  r^*^ 

d  =  -25° 

\wiW*e»** 

rr 

ill 

_ u 

Figure  22.  Typical  Presure  ftofilet  and  Voilex  Core 
Locations  at  60%  CSiotd. 

restoring  moments  are  geneiaied  on  the  wing. 


Y/i 

Figure  23.  Spanwiie  Prenure  Ibofiles  @  60%  Chord 
(During  Wing  Rock). 


The  roU  moment  wd  curves  reveal  how  the  limit  cycle  may  he  etmiained  with  the  pressure  tUatributioos.  Abovcaroil 

is  siatained  dating  wing  racic.  However,  tMs  roll  moment  an^  of -25°,  the  suction  peaks  begin  ro  decrease  with 
curve  is  an  integrated  emet  of  the  nuteepicsncdisulbntions  incteasing  roil  angle.  This  is  also  seen  in  the  statio  pressure 
ontirewMg.  Plow  vistnUaaiionreiulBilaoiereil  a  groat  deal  distribwioo  data, 
dxiut  tire  behavior  of  the  florrBeld  on  tire  oaciiMM  witre. 

However  flow  visualization  akme  can  not  quantify  ilow  the 
unaseadyflowfieldfeaetMea tire  wing  rock ontion.  Fvtireae 
leaaons,  a  atudy  e  atreasare  tire  unareatiy  Mthce  proasuMs  on  a 
wing  undergoing  wii«  rock  huhegiBk  Thtiaa  prtflinhlei 
sutfiree  pteasoR  experinreata  were  Gottdncied  at  a  Reyaoida 
ninwher  of  400,000  retd  at  tire  60%  choad  location  roooaapate 
wtdi  tire  static  results. 


i 
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CONCLUSIONS 

The  pilctiiiig  tests  cmduoed  over  an  angle  of  aoack 
ra^  of  0-30°  shov^veiy  little  bysletetic  behavior.  The 
sui»x  piessuies  oscillated  in  phase  with  the  model  niotian,  and 
leached  minimum  values  as  the  teached  its  maximum  angle 

of  attack.  The  piessuies  showed  litdd  devtatkm  firm  static 
values  dining  the  unsteady  modoo.  These  trends  were  ^parent 
^  both  the  reduced  fiequencies  tested,  and  no  apparent 
difEetence  existed  thie  to  the  change  in  pitch  late.  Thepressure 
data  was  seen  to  have  similar  genual  chatacretisdcs  as  normal 
force  data  obtained  firm  the  litetmure. 

For  the  iaiger  pitching  range  of  2-d0°,  huge  overshoots 
in  the  unsteady  pressure  coe&ient  were  seen.  The  unsteady 
pressures  follow  the  steady  pressures  on  the  upstroke,  then 
continue  to  decrease  as  an^  of  attack  increases  for  an  addidonal 
10- 15°.  On  the  downstroke,  the  imper  surfice  continues  to 
show  full  separation  to  an  angle  of  attack  where,  to  the  steady 
case,  coherent  leading  edge  vortices  exist  This  results  in  an 
undershoot  of  the  downsnoke  pressures  relative  to  the  steady 
pressures.  When  this  is  consiaered  along  with  the  huge 
overshoot  on  the  upstroke,  a  significant  hysteresis  is  observed 
for  the  unsteady  pressures,  with  upstroke  pressure  coefficients 
being  as  high  as  2.5  titties  the  downsBoke  values.  This  data 
was  also  seen  to  qualitatively  compare  with  the  normal  force  data 
to  a  wing  of  similar  aspect  ratio. 

The  oonsttuit  clKxd  data  showed  siinilar  trends  as  the 
cons^t  span  data.  Large  hysteresis  loops  were  seen  at  span 
locatiatis  at  or  near  the  suction  peak.  The  static  data  shov^  this 
suction  peak  to  exist  from  60-70%  of  the  local  semi-span, 
depending  on  the  angle  of  attack.  This  was  dso  die  case  to  the 
dynamic  motion,  whm  a  hysteresis  was  seen  in  the  suction 
peak;  the  location  of  the  peak  was  seen  10  be  a  function  of  the 
direction  of  instantaneous  model  motion. 

Dynamic  roll  moment  results  reveal  hysteresis  kiops  in 
buil^,  steady  state,  and  damping  cycles  of  the  wing  rock 
motion.  The  dynamic  roll  moment  data  are  very  helpfiil  in 
analyzing  the  wing  rock  motion.  Row  visualization  experiments 
were  conducted  to  determine  the  contribution  of  vortex  pomtion 
to  the  roll  moments  generating  wing  rock  in  the  absence  of 
vortex  breakdown.  Static  results  indicate  that  the  vortex  on  the 
doimwanl  wing  moves  closer  to  the  wing  and  the  root  chord 
while  the  vortex  on  the  upper  wing  moves  away  from  the 
surface  of  the  wing  and  the  root  emnd.  Dynamic  results  reveal  a 
hysteresis  in  vortex  position  with  toll  angle.  When  the  normal 
and  spanwise  posiiims  are  analyzed  separately,  the  hysteresis 
was  found  to  be  entirely  in  the  normal  position  to  the  wing.  No 
hysteresis  was  found  in  spanwise  position.  The  hysteresis  in 
normal  position  favors  a  destabilizing  contribution  to  dm  roll 
moment  on  the  wing.  When  the  motion  of  the  vortices  was 
analyzed  fiiither  by  plotting  position  vs.  time,  it  was  found  that 
the  hysteresis  was  generated  by  a  time  lag.  There  is  no  time  lag 
associated  with  the  spanwise  position  of  the  vortices. 

WlKn  the  model  was  held  fixed  at  zero  roll  angle,  no 
vorsex  position  asymmetry  was  observed  to  any  angle  of  attack 
mve^gated  in  this  study.  The  vorsex  position  was  found  to  be  a 
function  of  roll  angle  (sideslip).  For  each  static  roll  an^  there 
exists  a  unique  vortex  position.  Vortex  "lift-ofT  at  zero-toll 
a^  which  is  seen  on  forebodies,  was  not  experienced  by  the 
80°  sweep  deltx  wing. 

From  the  re^ls  obtained  in  this  study,  a  mechanism 
cimtributing  so  the  destabilizing  moment  necessary  so  sustain  die 
wing  rock  motion  appraus  to  be  the  time  lag  in  the  normal  voitex 
position  .  The  destabilizing  moment  mustbe  great  enough  to 
overcome  the  stabilizing  ema  of  roll  damping,  for  dm 
oscillation  to  grow  in  amplitude.  The  destabilizing  roll  moment 
hysteresis  was  found  to  ootrelaie  with  the  switch  to  a 
ctmtribution  to  a  ressoring  racment  in  the  nonnal  vortex  position 
which  supports  the  hjmotheais.  The  riestabiliziiig  moments  in 
the  steady  state  are  balanced  by  danoping  forces  afier  the  switch 
to  a  ressoring  moment  has  oocucred,  thus  sustaining  die  steady 
state  oaciDMion.  It  must  be  nosed  however  that  an  inveitigaiiai 
uiso  the  dyninaG  chancareiatics  of  vorsex  aarcawdi  aaynnetiy 
was  not  eonducsed  In  tide  study.  IfaaigaifleaiittiamlancxiaB 
invonexwrennhaayiranetiy,  this  may  also  couiribuli^  the 
destabi^n  tatmena  nsoeasary  *1  auatuia  wing  rock. 
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wing  and  the  rolling  wing.  However,  to  the  pitching  wing 
these  unsseady  efiectt  ai^eared  so  be  a  vertex  bmdc£wn 
dominated  phenomenon;  that  is,  to  ranges  of  motion  where 
breakdown  did  not  occur  the  hysteresis  efiects  were 
coosidenhly  less  pronounced.  In  contrast,  hysteresis  effeett 

were  clearly  evident  in  the  rolling  wing  readta,  even  without  the 

occurrence  of  breakdown. 
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Tha  following  papar  prasanta  tha  synthasls 
of  racant  axparlancas  concaming  tha 
affacta  of  ahock  Inducad  aaparatlon  on 
convantional  airplanaa  flying  at  high 
aubaonic  apaada.  Efforta  hava  baan 
concantratad  In  Alania  In  -ynthatlzlng  a 
pradlction  crltarlon  for  datacting  onaat  of 
tha  wing  aarodynaalc  phanosana  laadlng  to 
buffat  and  niahandling  of  auch  airplanaa. 
Coaparlaon  of  alahandling  and  buffat  onaat 
anvalopaa  thaoratlcally  darlvad  with  thoaa 
axparlaantally  aaaaurad  on  an  alrplana  la 
glvan  evldanclng  tha  conalatancy  of  the 
■athodology. 

For  non  convantional,  hlgly  awapt  wlnga 
faaturlng  laadlng  adga  vortical  flow  at 
high  aubaonic  apaad  and  nodarata  angla  of 
attack, tha  analyala  of  wind  tunnal  raaulta 
haa  allowad  tha  daflnltlon  of  a  pradlction 
crltarlon  for  tranaltlon  froa  attachad  to 
vortical  flow  . 

Thia  changa  in  tha  wing  flow  atructura  la 
raaponalbla  for  raaarkabla  non  linaarltlaa 
In  tha  aarodynaaic  coafflcianta  of  tha 
aircraft  and  could  Halt  aanoauvrabillty  In 
certain  araaa  of  tha  flight  anvrlopa. 
Efforta  In  laplaaanting  thaaa  concapta  In 
tha  aerodynaale  dealgn  procaaa  of  auch  wing 
planforaa  are  atraaaad  aa  wall  aa  tha  need 
for  further  atudlea  concaming  a  daapar 
undaratandlng  of  tha  fluid  dynaaic 
condltlona  ruling  the  vortax  break  down. 


INTRODUCTION 

Thla  paper  addraaaaaa  tha  problm  of 
predict^  aoM  of  the  aat^j^ic 
leading  to  degradation  of 
aircraft  parforaanca  in  tha  high  aubaonic 

TwS^ida  of  wing  planfor^  are  c«ialdarad; 
thoaa  with  aodarata  laadlng  edge 
angla  and  thoaa  awapt  at  anglea  greater 
Uwn  60-  (delta  wlnn) . 

tha  two  planforaa  la  due  to  tha  diffarant 
flow  anructura  davaloping  on  ma 
corraepoidlng  wlnga:  the  fowr  ba^ 

ohara^arlaM  by  "attachad  flow 
dagradating  in  aaparatad  one  whan  heavy 
ahoek  boundary  layer  interaction  occura, 
tha  latter  being 
flow"  (aaparatad  flow  at 

whoaa  onSt,  dawaloiiawt  and  ^mt^  U 
ruled  by  tha  aurrounding  aircraft  flow 

*n*^both  oaaaa,  however,  ^  2 

atroratt  aero  eharactarlatlCT  w 
btttfatlng,  loaa  of 

Ditflild  ywr#  Toll  aotions  vp  to 

iMt  tha  aircraft  .r*2i‘*2f 

flood  tranaonle  aanoawyrrttllty  la 

the  «aat  lapartaNt  raaaliaaaafe  for  nodacn 

Jgr3-?srSl.  !S!“»2ST.’!St  s 
Sr*  ST 
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The  accurate  prediction  of  the  onaat  of 
thia  boundary,  aa  well  aa  the  Intanaity  of 
tha  involved  phenonena  la  therefore  of 
paranount  inportance  for  both  typea  of 
aircrafta.  Thia  paper  presents  the  Alenla 
Aeronautics  approach  to  the  problen. 


CONVENTIONAL  WING  PLANFORMS 
Generalities 

In  fig.l  an  outline  of  the  effects  that 
wing  flow  aaparatlon  could  lead  on  an 
airplane,  both  in  tarns  of  structure 
vibration  and  rigid  body  nodes  affecting 
stability  and  control  is  given  as  an 
exanpla.  Buffat  and  niahandling  boundaries 
are  assessed  through  extensive  testing  of 
Instrunented  prototypes  collecting  data  of 
diffarant  nature.  Acceleronaters  located  in 
various  position:  wing  tip,  pilot's  seat, 
aircraft  centra  of  gravity,  together  to 
pilot’s  rating  provide  a  base  for 
aasassnent  of  buffat  levels. 

Outputs  of  inertial  platfom  give  evidence 
of  rigid  body  nodes  such  as  pitch,  aixl  roll 
dynanie  oscillations.  In  fig.l  an  exaqf>le 
of  flight  ragistratiom  concaming  topic 
paraaatars  is  pmsented.  The  analysis  of 
these  kiikl  of  raaulta  allows  definition  of 
tha  boundaries  prasentad  in  fig.l. 

A  dafansa  aircraft  has  to  operate  within 
thaaa  boundaries  up  to  angle  of  attack  for 
wich  naxinun  usable  lift  is  reached.  To 
this  concern  tha  presence  of  prognsslve 
daterioratlon  of  handling  qualities,  auch 
as  that  prasantad  in  fig.l,  is  wall 
judged  by  the  pilots  that  can  easily 
racognlaa,  throng  tha  feeling  of  a 
vlbmtlonal  level  or  wild  pitch  and  mil 
oscillations,  whan  the  operational  linits 
of  their  aimrsfts  are  near  to  bo  reached. 
For  transport  type  alrcmfte  tha  buffat 
bouiMlary  in  aa  iaportant  a  paraMtar  as 
drag  ia  ainoe  the  Baxiana  cruising  lift 
coafficlant  la  linltad  by  the  ragnireMnt 
to  aaintain  a  1.3  aargin  to  buffat  onaat. 
nia  cruise  lift  ooefticiant  for  aaxiaua 
aoro«r>>*>iu  efficiency  increases  with  wing 
asaeot  mtlo:  it  tha  buffet  boundary  la  not 
high  enei^  to  aaintain  thia  aargin  then 
the  full  polmrt:ial  of  tha  wing  aspect  ratio 
can  net  be  utilised.  Furtharaore  for  thia 
kind  of  alrcmft  as  well  tha 
obaraeteristios  at  angle  of  attack  beyond 
buffet 'Bnset  aut  be  known  at  least  to 
Halt,  by  the  uaa  of  avloolcs  sad  flight 
control  systaa,  free  reaching  oonditicas 
were  ilangai  iias  situation  sudi  as  pitoh-up 


hlthsa*  the  snaat  of  saperatioa  aa  three 
fliainrr— wing  can  be  pradletsd  today  Iqr 
trohoenie  Unaratiflol  oedaa.  loadiag  to 
MantitloaUen  •(  baffot  ofloet  oavolope 
oarlr  in  the  prejeet,  pMdiekloa  M 
aaredyaaaic  easitatien  after  aaferatlon  is 
still  a  vary  eoaplioaM  task. 
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Th*  asMsnant  of  Mparatlon  intanaity 
(buffat)  is  still  basad  on  nodal  tast  in 
wind  tunnal. 

Particular  tast  tachniquas  such  as  unsteady 
prsssura  naasuranents  and  wing-root  banding 
nonant  have  been  developed  in  the  past;  the 
analysis  of  this  kind  of  data  allows 
asseasnant  on  the  severity  of  buffet  even 
though  the  dependency  fron  Reynolds  nunber 
still  represents  a  risk  factor  in  their 
applicability  to  full  scale  airplane. 
Description  of  these  techniques  go  beyond 
tha  scope  of  tha  present  paper. 

In  tha  following,  axanple  of  theoretical 
predictions  of  buftat/nlshandllng  onset  and 
conparison  with  axparinental  results  will 
be  given  aftar  having  ravlewad  aona  of  tha 
transonic  flow  peculiarities  useful  in  the 
undarstsndlng  of  the  prediction  techniques. 


Critical  fluid  dvnanic  conditions  for  flow 
separation 


It  is  well  known  that  strong  shock- 
turbolant  boundary  layer  interaction 
(that  is  of  practical  interest  on  today's 
aircrafts)  la  tha  cause  for  onset  of  flow 
separation  on  airfoils  and  wing  sections. 
Plenty  of  bibliography  is  available  on  the 
subject,  however  it  is  useful  to  recall  the 
nature  of  shock-induced  separation  in  order 
to  aiqpllclt  the  conditions  for  which  it 
occurs  and  those  for  wich  its  affects  are 
felt.  In  fig. 3  (fron  raf.l)  the  classical 
transonic  flow  evolution  over  an  airfoil 
and  downatreaa,  along  its  wake,  are 
sketched  at  Incraaslng  a  values. 

First  occurrsnea  of  shock-induced 
separation  occurs  between  stages  I  and  II 
in  fora  of  a  separation  bubble  at  tha  foot 
of  tha  shock.  Increase  of  incidence  causes 
tha  growing  of  the  bubble  and  of  the 
boundary  layer  tickness  at  -the  trailing 
edge  (T.E.)  that  in  turn  effects  the 
pressure  distribution  along  tha  wake  as 
shown  in  fig. 3  at  stags  III.  A  change  in 
T.E.  pressure  (divergence)  takes  place  in 
order  to  self  adapt  to  the  tar  downstreae 
pressure  and  this  causes  a  response  in  the 
circulation  with  associated  loss  of 
linsarity  in  tha  related  forces  and  sosants 
coefficient. 

This  is  a  wall  established  understanding 
asong  aarodynaaiciata,  however  T.E.  divar- 
ganca  not  only  narks  tha  onset  of 
separation  affects  on  tha  wing  aectlon 
considered  in  terns  of  "kinks*  in  tbs 
sectional  forces  and  sonant  coefficients, 
it  will  also  nark  tha  onset  of  unsteady 
effects  such  as  buffeting.  An  explanation 
of  this  can  be  sought  considering  tha 
fluctuations  in  tha  naqnitude  of  the 
overall  loading  excited  by  tha  separated 
flow  via  the  T.E.  pressure. 

Recent  experiences  gained  in  Alania  through 
fll(^t  tasting  of  an  instrunentsd  airplane 
prove  this  concept.  In  flg.4  a  layout  of 
pressure  transducers  of  dynanic  type  on  a 
wing  section  of  a  defense  aircraft  is 
presented.  Transducers  wars  glued  on  tha 
wing  upper  surface  and  faired  with  rubber 
discs  in  order  to  reduce  the  interference 
due  to  their  protuberance  (about  1  an.)  to 
a  reasonably  level. 

Typical  gaaai  steady  naneanvers  (roller 
coeetar  and  wind  vp  tamo)  alloeod 
oolleetion  of  pressure  data  threngbout  Um 
flia^  aovelopa. 

A  tine  hystory  of  flight  paraaetara  (Hacb, 
Alfa,  E)  and  pressure  tespoass  is  given  in 
tig.S  for  a  ■snoeuvre  started  at  mcE  close 
to  S.E. 


Analysis  of  such  responses  allows  to 
idantify  the  following  topics: 


-Suction  peak  developnent  in  the  leading 
edge  area  (pressure  pick  ups  A,B,C)  as  soon 
as  ths  incidence  is  Increased:  T-tl. 

-Developnent  of  a  shock  wave  for  .4£x/cs.s 
(pressure  pick  ups  E,F)  at  aoderate  Alphas 
T:t2. 

This  is  well  represented  by  the 
reconpression  exhibited  by  transducer  F  and 
the  corresponding  expansion  evidenced  by 
transducer  E  denoting  an  increase  in  Mach 
nunber  ahead  of  the  shock  (Ml) :  as  greater 
Ml,  as  stronger  ths  nomal  shock,  as  lower 
N2.  It  is  inportant  to  note  that  despite  a 
shock  wave  is  acting  on  the  dynanic 
transducers  E  and  F,  a  "static*  response  is 
given  up  to  a  certain  event  as  it  will  be 
described  in  the  following. 

-Constant  level  of  T.E.  pressure 
(transducer  R  located  at  x/c-0.98)  up  to  a 
certain  Alpha  valua:  T-t3.  This  value 

corresponds  to  tha  naxlmun  strength  of  the 
shock  wave  acting  across  transducers  E  and 
F.  A  furthar  increase  in  angle  of  attack 
causes  divergence  in  T.E.  pressure 
evidenced  by  reconpression  toward  less 
positive  pressure  levels  and  finally  onset 
of  a  dynanic  response  at  T^4. 

As  a  natter  of  fact  now,  aftar  the  T.E. 
prasaurs  has  diverged,  oscillations  on  tha 
signals  of  transducers  C,D,E,F  and  B  Itself 
are  evident. 

On  the  contrary  in  the  leading  edge  area  a 
progresaiva  bulld-19  of  tha  suction  peak 
takas  placs  (transducers  A  and  B)  without 
avldenca  of  dynanic  oscillations  19  to  the 
naxlsun  a  reached  during  the  wind-up  turn 
nanoeuvre.  Mote  that  when  rsaching  a 
characterised  by  T^4  the  sustaining  of  the 
turn  rate  at  constant  velocity  is  not  nora 
possible,  the  anount  of  thrust  available  by 
the  angina  at  a  fixad  satting  balancas  tha 
aarodynasic  drag  and  a  furthar  Increase  in 
drag  due  to  lift  causes  tha  airplane  to 
start  a  deceleration  as  evidenced  in  the 
lowering  of  Mach  nunber  at  alnost  constant 
altitude  in  fig.  Sa. 

Contanporaneoualy  a  slid  nishandling  of  the 
aircraft  is  evidsnesd  by  tha  oscillations 
in  the  roll  rate  at  an  angle  of  attack 
Innadiately  after  the  T.E.  divergence  and 
progressiva  degradation  of  flying  qualities 
occurs  at  higher  angle  of  attack,  after 
the  naxinun  usable  load  factor  is  reached, 
as  depicted  in  tha  high  roll  rate  presented 
in  the  botton  portion  of  fig.  5a. 

In  tha  sane  figure  tha  tins  hystory  of  two 
aecelsroneters  located  in  the  wing  tip  and 
pilot's  seat  is  prssantsd,  giving  evidence 
of  the  correlation  between  T.E.  divergence 
and  buffet  onset. 

In  fig.sb  correlation  of  the  onset  of 
nishandling  and  buffat  is  given  with  the 
longitudinal  characteristics  of  the 
airplane,  boss  of  linsarity  in  tha  lift 
coefficiant(Cl)  versus  angle  of  attack  is 
clearly  visible  for  a^(t4).  At  the 
corresponding  cl  a  break  in  the  pitching 
neeant  eoafflciant  la  evidenced  as  well 
iaplylng  a  variation  in  loading 
diatrihutlon  apanwine  and  chordniea  on  tha 

Q^ooply  the  loation  of  the  inetnaaanted 
wing  section  has  a  bit  of  iaportmoa  in  tbs 
correlation  with  pbanonana  felt  by  tba 
aircraft  as  a  ebelai  selection  of  a  wing 
span  location  aero  ontwerd  wonld  hevo 
iiplied  fMT  this  wing  an  early  sneorrenoe 
of  T.E.  dlvorganoa  (in  tema  of  tlae  and 
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tharafor*  angla  of  attack)  with  raapact  to 
thoaa  charactarialng  tha  buftat  onaat 
anvalopa  of  tha  aircraft. 

Simaritlng  tha  T.E.  dlvarqanca  of  a 
aalactad  wing  aaotion  aarka  praciaaly  tha 
onaat  of  loas  of  llnaarity  In  tha 
aarodynaaic  coafflclanta,  fait  aa  a  alld 
aiahandllng,  and  tha  onaat  of  dynaalc 
raaponaa  In  tha  wing  flow  flald,  fait  aa  a 
dynaalc  raaponaa  of  tha  altplana  atructura. 
Kay  factora  In  pradlctlng  onaat  of 
alahandling  and  buff at  phanoaana  of  an 
alrplana  ara  tharafora  tha  accurata 
pradlctlon  of  thaaa  fluid  dynaalc 
charactarlatlca  and  tha  Idantlflcatlon  of  a 
wing  apan  aactlon  rapraaantatlva  of  tha 
apraadlng  of  tha  phanoaanon  to  auch  an 
axtant  to  ha  fait  by  tha  alrplana. 


Pradlctlon  of  T.B.  dlvarqanca 

A  aaaalva  aaount  of  axparlaantal  data 
concamlng  althar  30  and  30  axparlaants  on 
Bwaapt  wlnga  In  wind  tunnal  hava  baan 
analyiad.  Thalr  applicability  to  full-acale 
aircraft  haa  baan  aaaaaaad  through 
coaparlaons  with  flight  naasurad  data.  In 
fig. 6  from  Ref. 2  a  coapariaon  between  wind 
tunnal  and  flight  preaaure  data  relevant 
to  a  wing  aactlon  la  preaantad  giving 
ovldanca  of  a  good  agreaaant.  Raaulta  were 
collactad  In  wind  tunnel  with  the 
"tranaltlon  free*  tachnlqua. 
Tranaltlon  atrlpa  (carborundua  grlta  of  a 
aalactad  dlaaatar)  ara  uaually  located  at  a 
few  t  of  tha  aodal  wing  aactlona  providing 
boundary  layer  tranaltlon  froa  laalnar  to 
turbolent  at  tha  aaaa  location  that  occura 
on  tha  alrplana;  however  thalr  preaanca  can 
be  datrlaantal  It  tha  correct  Interaction 
between  ahock  wave  and  turbolent  boundary 
layer  haa  to  be  alaulatad  In  wind  tunnal. 
For  auch  caaa  an  "aft  tranaltlon"  (ref. 3) 
auch  aa  that  provided  by  tha  abaanca  of 
tranaltlon  atrlpa  aaauraa  tha  right  ahock 
wave  atrangth  and  poaltlon  on  tha  wing 
aactlon  conaidared,  aa  deaonatratad  in 
fig. 6. 

Having  aaaaaaad  tha  level  of  confidence  in 
tha  wind  tunnal  pradlctlona  a  deep  analyala 
of  preaaure  data  haa  baan  carried  out 
alaing  at  developing  a  prediction  criterion 
for  T.E.  dlvarganca  (rlf.4).  Following  the 
valuable  atudlaa  perforaad  by  Balnea  and 
Bataaan  In  early  Invaatigatlona  about 
ahock  induced  aaparatlon,  a  locua 
Idantifylng  local  Mach  nuabar  ahead  of 
acock  wave  (Nl)  and  poaltlon  along  the 
chord  at  wich  thla  ahock  takaa  place  whan 
divergence  (up  to  a  certain  aaount)  occura, 
haa  baan  defined  . 

In  fig. 7  avidanca  of  auch  locua  la  given 
for  different  geoaetrlaa.  Tha  raaulta 
preaantad  hare  ara  either  froa  30  and  30 
axpariaanta;  in  tha  30  caaa  oonalatancy  In 
airfoil  gaonatry  with  raapact  to  tha  30 
caaa  waa  aaaurad. 

The  agraanant  between  30  and  30  correlation 
aahlbltad  in  fig. 7  iapllaa  that  In  aplta 
of  wing  awaap,  twiat,  aapact  and  taper 
ratioa  tha  flow  bahavaa  aa  in  tha  30  caaa 
up  to  tha  oonditluoa  leading  to  T.E. 
divarganoa  and  provided  that  tha  foaalaga 
affaota  be  aaall  (aa  in  the  wing  outboard 

PttMl)  a 

no  eonalatian  diaoleaaa  ita  value  In 
aaaoelating  tha  phiaieal  phanoaannn  of  T.E. 
divarganoa  to  the  ahock  atrangth  and 
poaltlon  that  dataralna  it;  the  aactlon 
gaonatry  influonoiag  thaaa  two  loot 
paranoFara  that  Mra  ouitabla  to  ha 
pradlotod  by  CPB  oodan  at  laaot  bafora  tha 
crltloal  value  la  T.E.  divarganoa  haa 
onnwrTOd . 


The  availability  of  a  auitabla  30/30  code 
able  to  predict  tranaonlc  flow  with 
boundary  layer  interaction  at  a  reliable 
level  la  a  key  factor  now. 

Powerful  30/30  Haviar-Stokea  and  Euler 
aolvera  coupled  to  boundary  layer  routlnea 
hava  baan  developed  recently.  Thalr 

applicability  to  engineering  problaa  la  a 
■attar  of  different  nature:  budget  and  tlae 
conatrainta.  Mora  offenly  they  are  applied 
In  tha  verification  atep,  when  a  final 
gooatry  haa  to  ba  aaaaaaed.  Oieapar  and 
alqplar  nathoda  are  widely  applied  in  the 
aarodynaaic  deaign  proceaa  when  different 
geoaetrlaa  hava  to  be  evaluated  at  a 
raaaonable  coat  and  within  a  Halted  aaount 
cf  tlae.  In  tig. 8  an  axaapla  of  praaaure 
dlatrlbutlona  co^>utad  on  a  wing  by  a  full 
potential  coda  adopting  a  conaervatlve 
acheaa  ara  preaented. 

In  fig. 9  tha  buttat/alahandllng  onaat 
envelope  obtained  by  utilizing  the  above 
aantlonad  coda  and  tha  criterlua  of  fig. 7 
la  preaented  in  cngwrlaon  to  flight  teat 
data  evidencing  the  reliability  of  the 
aethodology  aat  up. 

Definition  of  thaaa  boundariaa  la  now 
teaaibla  at  a  relatively  low  coat  during 
the  early  phaaa  of  aircraft  devalopaent  , 
whan  different  airfoil  ahapea  hava  to  be 
evaluated  and  wing  gaoaatrical 
charactarlatlca  aa  thic)cne8B,  twiat  and 
caubar  diatributiona  optinized.  on  the 
contrary, prediction  of  further  flow 
^legradatlon  and  conaaguent  aircraft 
raaponaa  haa  to  rely  today  on  tenting  of 
acalad  nodela  In  wind  tunnel. 


HON  CONVEMTIOHAI.  WING  PLANFORHS:  DELTA 
AMP  DOUBLE  DELTA  WIMCS 

Ganaralltlea 

Very  highly  awept  wlnga  hava  tha  potential 
to  achieve  low  drag  at  auparaonlc  lifting 
conditiona  by  virtue  of  keeping  tha  leading 
edge  at  an  angla  of  awea^Mick  greater  than 
tbe  angle  weak  ahock  wave  nakaa  with  tha 
fraeatrean  at  corraapondlng  Mach  nutfiara 
(aubaonic  leading  edge) . 

Thla  peculiarity,  however,  la  coupled  to 
the  well  known  pronaneaa  of  highly  awept 
wlnga  to  develop  leading  edge  (L.E.)  vortex 
aaparatlon  and  Incraaa  In  drag  due  to  lift. 
At  a  given  awaepback  angla,  aa  aharper  the 
L.E.  aa  lower  the  angle  of  attack  at  which 
tbe  vortex  will  develop  auddenly. 

Thla  cbaractarlatic  la  not  typical  of 
auparaonlc  raglne  only;  In  fact  L.E. 
aaparatlon  and  vortex  fomatlon 
charactarifaa  low  aapact  ratio  ,  highly 
awupt  wlnga  in  aubaonic  raglue  aa  well. 
Eqporinental  atudlaa  have  ahown  that  even 
at  low  angle  of  attack  tha  flow  over  auch 
wlnga  a^arataa  at  tha  leading  edge  aiMl 
rolla  up  into  ^iral  vortex.  A  akatoh  of 
auch  oouplex  flow  atructura  la  given  in 
fig. 10;  flow  attaebnant  llnaa  have  baan 
obaatvad  inboard  of  tha  vortax  aheata  and 
indioata  that  tho  air  la  drawn  over  the 
vortax  and  aooaleratad  downward.  The 
praaanoe  of  the  vortloaa  Indnoaa  atrong 
local  ouetlen  paaka  idkictt  raaalt  in  an 
inoroaaa  in  lift,  uaually  rafarrod  to  aa 
vortax  lift,  ralatlva  to  that  pra^etad  by 
llnaor  thorn.  Thla  offoet  in  lift  la 
daaldarabla  in  oom  oaaaa  to  inoraaaa  tba 
lew  lift  ooatflciaat  tmloal  of  low  aapact 
ratio  wlnga,  and  It  ollona  Inatantanaoua 
naiwaonvraa  at  high  angla  of  attaA  typteol 
of  Bllltory  alrexaftTtba  ohMga  la  landing 
anoeolatad  to  vortMc  lift  can  aignlflcnnfcly 
alt^r  tha  pitohlng  nnnanf  oharaotorlnHea 
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dapanding  on  tba  wing  ga«atry.  olBeuaaion 
In  thla  papar  la  prlnarly  eoncamad  with 
tha  affact  on  longitudinal  charactaristics 
and  rigid  body  sodas  in  high  subsonic 
tagisa,  this  affaeting  tha  sonoauvrabillty 
of  Bodam  dafanaa  aircraft  to  a  graat 
axtant. 


Critical  fluid  dvwaalc  erniditlona  for 
Taadina  a^a  aanaration 

In  tha  analyala  of  saparatad  flow  around 
strapt  laading  adga  wings  it  has  baan  found 
usaful  to  corralata  tha  data  in  tarsa  of 
conditions  norsal  to  tha  laading  adga  by 
utilising  aispla  swaap  thaory,  fig. 11.  Tha 
valoclty  cosponants  norsal  to  tha  plana  of 
a  flat  topp^  dalta  wing  (^0)  ■’Nn"  and 

norsal  to  tha  laading  adga  of  tha  wing  "Cn* 
ara: 

Nn  -  Osina 

On  -  aainacos/\la 

Tha  Incldanca  angla  norsal  to  tha  laading 
adga  an  and  tha  norsal  Mach  nunbar  Nn  ara: 


an  -  arctg  (Nn/Un)  -  arctg  (tga/coa/\la) 

Mn  -  Mcaa/\la  Jl  +  sin'atg'/Vla 

Exparisantal  eorralationn  by  Stanbrook  and 
Sgi'ira  (raf.S)  Idantlflad  tha  boundary 
raglon  that  saparataa  tha  conditions  in 
tans  of  an  varaus  Nn  for  which  attached 
flew  or  loading  adga  aaparation  flow  axist. 
Such  boundary  is  praaantad  in  fig. 12  for  a 
flat  toppad  dalta  wing  with  a  sharp  loading 
adga. 

Tha  laading  adga  vortax,  in  thla  case, 
davolopo  on  tha  antlra  L.B.  of  a  sharp 
airfoil  wing,  whlla  tha  affact  of  rounding 
it  is  to  raduca  tha  advoraa  prassuro 
gradlant  aspacially  in  tha  Inboard  sactions 
of  tha  wing. 

Separation,  for  thaaa  laading  odgoa,  starts 
froB  tha  wing  tip  and  sovas  inboard  whan 
tha  angle  of  attack  is  incraasod.  Rounded 
L.B.  an  of  practical  Intaraat  either  in 
e«BBarcial  supononlc  or  Bllltary  airenft, 
both  of  thoB  having  to  fly  afflclantly  at 
low  spaad  as  well.  Additionaly,  these  kind 
of  wings  an  usually  highly  twisted  and 
caBbarod  froB  supanonic  cruise  drag 
BlnlBiiatlon  eonsidaratlons. 

How  all  those  gaoaatrical  charactaristics 
affect  vortax  onset?  in  ganaral,  the  type 
of  flow  over  a  wing  daponds  on  the 
coabination  of  the  above  Bontlonad 
gaoaatrical  ehanctaristics,  on  fli^t 
conditions  and  on  tha  affects  of  other 
airplane  cosponants.  All  of  those 
contribute  to  the  praasun  distribution  on 
tha  wing  that,  in  tun,  governs  the  nature 
of  tha  flow  on  tha  wing  itself. 

Raoant  onarlonca  carrlod  out  in  AUENIA  on 
conflguntlons  foaturlng  dalta  and  dmAlo 
dalta  wiim  allcwsd  a  batter  nndarstanding 
of  the  fluid  dynaaic  conditions  laading  to 
vertex  onsat  for  highly  swapt  wings  with 
rountetf  l*aVs 

Bxtsnalv*  tastlag  in  wind  tunnal  of  BOdals 
Mlgnad  and  asanfaeturad  in  ALBOA  and 
inatwsiUsd  with  intatnal  strain  gaagss 
bsianaas  and  passssia  ports  on  tha 
aareMsBle  aarfsosB  alteaad  gaUMrlng  of 
valaiM*  data,  fn  fi«.U  is  ■raswitsd  tha 

from  the 
4nd  tvMl 
■sdsl. 


Tha  loc\ia  Idantifiad  in  fig.  13  is 
applicable  to  tha  specific  wing  geoaetry 
under  consldaratlon. 

The  conditions  a,N  for  idiich  the 
transition  froa  a  flow  typology  to  anothar 
oats  up  can  ba  corralatad  with  local 
bahaviour  of  global  coefficient  curves;  by 
thla  point  of  view  a  study  to  find  a 
corralation  link  between  forces/aoBants 
coefficients  and  prsssure  coafflclants  on 
tha  wing  haa  been  carried  out  for 
diffarant  dalta  wing  configurations. 

It  has  baan  found  that,  at  a  fixed  Nach 
nuBber,  a  pracisa  relation  does  exist 
between  tha  onsat  of  vortex  flow  on  the 
wing  section  considered  and  the  exceedeaent 
of  a  certain  pressure  level.  In  the  exanple 
presented  in  fig. 14,  featuring  a  delta  wing 
configuration  characterized  by  generous 
laading  edga  radius,  the  transition  fron 
attached  flow  (fig. 14a)  to  vortical  flow 
froa  tip  to  apax  (fig.l4b/c)  is  presented 
at  increasing  a.  This  Bovaaant  is  ruled  by 
the  achlavsBant  of  the  critical  pressure 
level  for  vortex  onset  (Cpain  v.o.)  on  the 
sactlon  considered,  as  sketched  in  fig. 15. 
At  different  Mach  nuabers  different 
critical  prassura  coefficients  for  vortex 
onset  have  bean  idantifiad.  in  fig. 16  the 
Cp  Bln.  for  vortex  onset  versus  free  strean 
Nach  nUBbar  ia  presented  in  co^arison  to 
Cp  vacuuB.  At  a  fixed  airfoil  section  and 
Nach  nuBbar  the  curve  gives  the  value  for 
which  the  transition  froa  ■attached*  to 
vortical  flow  sets  up. 

The  transition  curve  is  not  dependant  on 
the  delta  wing  geoaetrical  characteristics 
(/\le,  ole,  etc..,)  being  it  obtained  on 
tha  basis  of  pure  fluid  dynaaic 
eonsidaratlons.  In  fact,  studies  carried 
out  on  different  dalta  and  double  dalta 
wings  have  productad  siailar  results 
laading  to  tha  correctness  of  the  overall 
prediction  procadure. 

Since  it  is  wall  known  that  tha  transition 
froa  one  flow  typology  to  another  one 
causes  rsBarkable  effects  on  global 
coafflclants,  tha  natural  axtansion  of  the 
transition  c'iteria  is  the  prediction  of 
the  conditions  o,N  for  which  longitudinal 
coafflclants  prasant  areas  of  probloBs. 

In  fig. 17  is  presented  tha  typical 
btoaviour  of  the  incidence  of  vortax  onsat 
(ov.o.  relating  to  tha  corresponding  c^in 
v.o.)  versus  span  for  a  fixed  Nach  nuaber. 
Tha  analysis  of  longitudinal  coafflclants 
on  tha  double  dalta  wing  considared  has 
shown  a  claar  corralation  between  the 
onsat/davalopaent  of  vortax  flow  on  the 
wing  and  the  loss  of  linearity  in 
longitudinal  coefficients.  This  kind  of 
correlatloh  (see  fig. 17)  is  well  confiraed 
for  the  all  dalta  wing  configurations 
axoBinad.  The  collection  of  data  of  other 
■iailar  wings  fsaturlng  vortical  flow  will 
paralt  a  better  definition  of  the  nuaerical 
fora  of  tha  curve  Cpain  v.o.  vs  Nach  nuaber 
allowing  a  cosplata  and  definitive 
assassaant  of  this  prediction  crltorion. 
Nssnwhlla  anginoaring  toola  ara  being 
daval^pad  in  order  to  iag>laaant  the 
knowladgs  aocospllshad  with  tha  analyaia  of 
axparlaental  results  in  the  aarodynaaic 
design  proeass  of  dalta  wings.  Per  sxaapla 
application  of  codas  baaed  upon  llnauritad 
theory  (panel  Bathods)  within  tha  attadiad 
flow  boundary  baesaa  faasibla  for  highly 
swoapt  wings  by  aonltoring  of  boand  valuss 
for  ^in  v.o.  On  tha  othar  side  tha  use 
of  Bore  costly  tular  solvsra  could  ba 
lialtsd  at  s-Mi^  valaas  belonging  to  tho 
▼dktioal  rsgion  previously  datstainad. 
ladSBd  the  availability  et  flight  test 
ceeelta  will  allow  a  hatter  consolidation 
of  tho  Bothodology  set-up. 


dloftan  an  vs  n  obttalnad 
^ebaratioh  wd  neiyela  et 
4*be  telating  to  a  delta  e^ard 


COHCmsIONS 


A  brief  presentation  of  the  flow  structure 
characterizing  conventional  swept  back 
wings  and  delta  wings  has  been  given 
focusing  on  the  conditions  leading  to  loss 
of  linearity  in  the  aerodynasic 
coefficients  and  onset  of  unsteadyness  in 
the  wing  flow  field.  The  high  subsonic 
rsglse  only  has  bean  considered. 

For  conventional  wings  the  shock  Induced 
boundary  layer  separation  has  been  analyzed 
and  consolidation  of  the  valuableness  of 
trailing  edge  criterion  has  bean  provided 
on  the  basis  of  tlae  dependant  flight  test 
results.  An  engineering  tool  for 
predicting  T.B.  divergence,  based  upon 
Haines  and  Batesan  studies,  has  been 
presented  and  its  reliability  deaonstrated 
on  the  basis  of  cosparlson  with 
experlsantal  results. 

For  delta  type  wings,  featuring  realistic 
rounded  leading  edges,  transition  from 
attached  to  vortical  flow  at  L.E.  has  been 
desonstrated  to  be  the  sain  cause  for  early 
loss  of  linearity  in  the  aerodynamic 
coefficients.  Analysis  and  synthesis  of 
experimental  results  in  wind  tunnel  has 
evidenced  the  existence  of  a  relation 
between  the  achievement  of  a  bound  pressure 
level  on  the  L.E.  and  the  onset  of  vortical 
flow.  Provided  that  further  studies  are 
needed, especially  in  order  to  correlate 
wind  tunnel  results  to  full  scale  aircraft 
behaviour,  an  engineering  tool  is  being 
developed  allowing  prediction  of  vortical 
onset  by  the  use  of  theoretical  codes. 
Further  analysis  are  being  carried  out  in 
order  to  evidence  possible  relations 
between  vortex  break-down  and  pressure 
levels  on  the  wing  aiming  at  synthetlzing  a 
correlation  criterion. 
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SUMMARY 

A  wind  tunnel  test  activity  was  performed 
with  the  purpose  of  defining  and  understand¬ 
ing  the  high  AOA  aerodynamic  characteristics 
of  an  advanced  trainer  aircraft  configuration. 
The  tests  included  static  and  rotary  balance 
measurements  in  the  full  0*  to  90*  AOA  range. 
The  presentation  includes  a  discussion  of 
effects  of  model  breakdown  and  of  forebody 
finess  ratio  and  cross  section. 

Examples  are  also  given  about  special  diffi¬ 
culties  related  to  subscale  high  AOA  wind 
tunnel  testing. 


1.  INTRODUCTION 

The  time  when  the  flight  envelope  of  aircraft 
was  defined  by  the  development  of  flow 
separations  on  the  wings  and  the  term  "High 
Angle  of  Attack*  meant  the  angles  of  attack 
of  wing  stall  is  now  more  and  more  over. 

Aerodynamic  technology)  pushed  by  funda¬ 
mental  research  and  increasing  requirements 
of  good  flight  qualities  in  a  broader  flight 
envelope  now  allows  in  principle  to  design 
aircraft  without  well  defined  boundaries  in 
their  angle  of  attack  envelope.  The  demand  is 
more  and  more  Cowards  some  level  of 
'carefree  handling’,  mainly  meant  to  relief  the 
pilot  from  the  need  to  closely  monitor  its 
flight  condition  in  order  to  avoid  uncontrolled 
departures.  For  combat  aircraft,  flight  in  an 
unlimited  angle  of  attack  range  is  even  going 
to  become  an  operational  manoeuvre. 

Such  extension  of  the  flight  envelope  is 
permitted  on  one  side  by  the  largely  improved 
knowledge  of  the  physics  of  vortex  flows, 
which  play  a  key  role  in  this  regime,  and  on 
the  other  by  the  technology  of  flight  control 
by  active  fly-by-wire  systems  that  permit  to 
manage  configurations  having  highly  nonlinear 
aerodynamic  characteristics,  provided  that 
enough  control  power  is  available. 

All  research  on  high  angle  of  attack  aerody¬ 
namics  has  necessarily  to  be  done  by  empirical 
tools,  i.e.  by  means  of  wind  tunnel  testing, 
possibly  supported  by  water  tunnel  testing  to 
gel  insight  into  the  flow  structures.  Computa¬ 
tional  Huid  Dynamics  cannot  yet  give  any 


significant  contribution  to  the  results. 

Also,  the  present  knowledge  of  these  flows 
does  not  lend  itself  to  easy  generalizations  and 
a  large  often  unexplained  configuration  de¬ 
pendence  is  normally  present. 

A  few  examples  of  more  or  less  systematic 
studies  of  effects  of  aircraft  configuration  on 
high  angle  of  attack  aerodynamic  characteris¬ 
tics  have  been  published  in  the  pastt'^. 

A  large  number  of  more  fundamental  papers 
on  the  fluid  dynamics  of  vortex  flows  at  high 
angle  of  attack  is  also  available  ,  but  our 
knowledge  is  still  far  from  complete. 

The  present  study  has  been  started  within  the 
framework  of  the  collection  of  design  data  for 
Che  definition  of  a  new  training  aircraft  for 
the  year  2000.  It  is  fell  that  the  impact  on  the 
configuration  design  of  the  high  angle  of 
attack  {light  requirements  should  be  investi¬ 
gated  in  an  early  phase  so  that  limitations  in 
the  flight  envelope  or  difficulties  in  the  flight 
control  system  design  are  limited  as  much  as 
possible,  along  the  philosophy  described  in 
ref.  11. 

The  present  research  differentiates  from 
others  on  the  fact  that  primary  emphasis  is  on 
flight  qualities  for  safety  and  FCS  design  and 
that  extensive  dynamie  (rotary)  tests  have 
been  included. 

Also,  a  realistic  aircraft  configuration  is 
considered,  and  the  variation  of  geomslrical 
parameters  (i.e.  forebody  parameters  like 
finess  ratio,  ete.)  is  limited  within  the  range 
which  is  considered  applicable  for  this  class  of 
aircraft. 

For  the  present  study,  a  research  low-speed 
wind  tunnel  model  has  been  tested  on  both 
static  and  rotary  balances  in  the  full  angle  of 
attack  range  from  0  to  90*. 

The  investigation  as  reported  here  covers 
mainly  the  contribution  of  model  components, 
and  the  effects  of  variations  in  forebody 
shape. 

Further  effects  like  LEX  size  and  shape,  wing 
planform,  tail  position  and  dihedral  etc.  have 
also  been  investigated  or  are  planned  for  the 
near  future  but  will  not  be  presented  here. 
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The  analysis  of  results  has  been  aimed  to 
identify  the  main  effects  on  the  parameters 
which  are  considered  to  be  of  larger  import¬ 
ance  for  high  AOA  flight.  But  since  no  simple 
criterium  exists  in  order  to  establish  a 
figure-of-merit  of  the  different  configur¬ 
ations,  a  planned  next  step  of  this  research 
will  include  modelling  of  the  aerodynamics  of 
some  of  the  tested  configurations  and  making 
off-line  simulations  in  order  to  compare  final 
flight  qualities. 


2.  TEST  DESCRIPTION 

2.1  Model  datum  configuration 
The  model  used  for  the  research  is 
depicted  in  fig.  1.  It  is  representative  of  an 
early  preliminary  study  of  the  advanced 
trainer  aircraft  mentioned  above  in  1:9  scale. 

It  is  an  F-16  type  configuration  featuring  low 
wing  with  LEX’s,  ventral  inlet  of  high  aspect 
ratio,  all  moving  horizontal  tailplanes  sup¬ 
ported  by  fuselage  ’shelves',  single  central  fin. 
The  wing  has  movable  leading  edge  droops 
which  can  be  scheduled  with  AOA  and  full 
span  ftaperons  in  two  sections. 

The  model  is  somewhat  simplified  in  geometry 
in  order  to  allow  high  modularity  and 
interchangeability  of  forebody  (ahead  of  the 
cockpit),  lex’s,  wings,  body  shelves,  tailplane 
and  Hn. 

For  the  purpose  of  .  .e  test  a  reference 
configuration  had  to  be  defined. 

On  the  basis  of  the  rationale  described  in  the 
following  section  4.1  the  reference  configur¬ 
ation  features  leading  edge  drooped  30’  and 
tailplane  at  +30°  (full  nose  down  control).  This 
configuration  is  considered  as  representative 
of  flight  at  angles  above  2S«30*  when  droop 
is  deflected  for  optimum  drag  polar  and  flight 
qualities,  and  tailplane  is  deflected  by  FCS  for 
recovery  to  lower  angles  of  attack.  Flaps  are 
set  at  0’  because  of  the  small  contribution  to 
pitching  moment  and  adverse  effects  on  flight 
qualities. 

Preliminary  tests  have  supported  these  as¬ 
sumptions. 

The  datum  configuration  also  features  a 
flattened  ('shark')  forebody  shape,  this  being 
the  choice  initially  made  for  the  reference 
aircraft. 

All  data  reported  in  the  following  analysis  will 
refer  to  the  above  defined  configuration  if  not 
explicity  stated. 


2.2  Configuration  variables 


a)  model  buildup,  in  order  to  identify  the 
main  contributors  to  each  aerodynamic 
coefficient  and  to  the  main  non  linea¬ 
rities. 

In  order  to  limit  the  number  of  configur¬ 
ations  to  be  tested  and  the  number  of 
'interference'  terms  to  be  analyzed,  the 
following  build-up  sequence  has  been 
chosen: 

-  body  +  fin  | 

I  wing  contribution 

-  wing-body  +  fin  J  "1 

Ilex  contribution 

-  wing-body  +  LEIu  I 

+  fin  H'shclvcs’  contrib. 

-  wing  body  +  LEX  H 
+  body  shelves  +  J  I 

fin  IhT  contribution 

-  complete  J 

b)  forebody  shape.  A  set  of  6  different 
forebodies  have  been  tested,  featuring 
variations  of  cross  section  (circular, 
elliptic,  flattened),  slenderness  ratio  and 
apex  angle  (figs.  2-3).  Of  course  the 
change  in  shape  had  to  be  limited  to  the 
fore  part  because  of  the  need  to  blend  the 
shape  to  the  existing  fuselage. 

Also  the  range  of  parameters  tested  is  not 
very  large  and  was  limited  to  what 
considered  realistically  feasible  on  the 
actual  aircraft.  For  this  reason  it  was  not 
expected  to  see  any  of  the  "extremes"  that 
have  been  shown  in  the  past  by  basic 
research  on  this  topic. 


2.3  Tests 

The  tests  have  been  performed  in  Aermacchi 

low  speed  wind  tunnel  at  a  wind  velocity  of 

about  50  m/sec  giving  a  chord  Reynolds 

number  of  1.1  Million. 

Three  different  setups  have  been  used: 

-  a  static  balance  with  ventral  strut  support, 
used  for  tests  up  to  40*  AOA; 

-  a  static  balance  with  rear  sting  support,  for 
tests  between  45  to  90’  AOA; 

-  the  Aermacchi  rotary  balancei2-i3 ,  used 
for  tests  in  rotary  conditions  and  using  a 
rear  sting  for  o<a<45*  and  a  dorsal  sting 
for  45*  <0 <90*  . 

The  test  matrix  included  normally: 

-  in  static  conditions,  a  sweeps  at  0*  and  10* 
of  sideslip  and  p  sweep'  at  20*  to  90* 
incidence  with  4*  to  5*  alpha  step,  plus 
some  effects  of  control  deflection; 

-  in  rotary  conditions  tests  at  the  same  angles 
of  attack  as  above  at  zero  sideslip.  Effect 
of  sideslip  has  been  analyzed  in  a  limited 
way  on  the  datum  configuration  only. 


The  investigation  presented  here  covers  the 
following  configurations  variables: 
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3.  EXPERIMENTAL  DIFHCULTIES  OF 
HIGH-AOA  TESTING 

3.1  Reynolds  number  simulation 

High  angle  of  attack  aerodynamics  is  domi¬ 
nated  by  vortex  flows  originating  from 
separation  lines  which  are  often  located  on  the 
smooth  surfaces  of  forebodies,  canopies,  etc. 
Although  vertex  flows  in  themselves  are  very 
little  sensitive  to  Reynolds  number,  the  type 
and  position  of  separation  lines  may  be 
strongly  affected,  thus  creating  'indirect*  scale 
effects  according  to  the  definition  of  ref.  14. 
When  testing  at  subscale  Reynolds  number  of 
about  1.1  Millions  referred  to  chord  or 
300  4^350000  referred  to  forebody  width,  it  is 
observed  that  most  separation  lines  of  the 
forebody  originate  from  laminar  separations 
(subcritical  flow).  At  full  scale  it  is  expected 
that  most  separations  wilt  originate  from 
turbulent  separations. 

For  this  reason  it  was  decided  to  fix  transition 
on  the  forebody  sides  by  using  two  longitudi¬ 
nal  rows  of  small  cylinders  (1.5  mm  diam,  .25 
mm  height). 

The  position  of  such  rows  is  chosen  on  the 
basis  of  flow  visualizations  to  be  in  front  of 
the  laminar  separation  line  at  any  combination 
of  angle  of  attack  and  sideslip  to  be  tested. 
The  effectiveness  of  such  transition  strips  is 
dramatic.  Fig.5  shows  as  an  example  effects 
on  roll  damping  from  rotary  balance  tests  of 
the  datum  configuration. 

It  is  assumed  that  the  presence  of  transition 
strips  should  force  the  correct  flow  'structure' 
and  only  'direct'  Reynolds  effect  should 
remain. 

In  any  case  the  presence  of  transition  may  be 
the  source  of  other  testing  difficulties.  Fig.  6 
shows  the  story  of  four  test  repeats  on  the 
rotary  balance  after  transition  strip  replace¬ 
ment  or  modification.  It  is  evident  that 
asymmetries,  irregularities  or  wear  of  the 
strips  are  biased  by  the  natural  asymmetry  of 
the  flow  with  unpredictable  even  though 
understandable  results. 


3.2  Coupling  between  natural  asymmetries  and 
asymmetric  flow  conditions 

It  is  a  well  documented  fact  that  all  slender 
forebodies  have  an  angle  of  attack  range 
where  natural  asymmetries  (i.e.  asymmetric 
forces  in  a  nominally  symmetric  flow  condi¬ 
tion)  arise  i-* .  Such  asymmetries  create  two 
kind  of  difficulties.  First  they  are  of  random 
nature  and  can  be  triggered  by  small  flow  and 
model  irregularities  which  are  rarely  repeat- 
able. 

Secondly  when  testing  for  effects  of  asymmet¬ 
ric  flow  (sideslip  or  rotation)  a  complex 


coupling  occurs  which  often  makes  interpreta¬ 
tion  of  the  results  difficult,  specially  when 
trying  to  assess  stability  derivatives  about 
zero. 

In  particular  the  two  effects  (flow  asymmetry 
and  natural  asymmetry)  are  not  additive.  What 
normally  occurs  is  that  for  large  asymmetric 
flow  conditions  the  flow  effect  dominates  over 
natural  asymmetry  and  anti-symmetric  data 
are  obtained  as  expected.  For  low  sideslip  or 
rotation  the  natur^  asymmetry  dominates. 
Transition  from  one  flow  condition  to  the 
other  may  occur  either  progressively  (fig.  7) 
or  abruptly  (fig.  8)  at  different  positive  or 
negative  values  of  sideslip  or  rotation  accord¬ 
ing  to  the  sense  of  the  natural  asymmetry. 

Thus  the  effects  of  natural  asymmetry  cannot 
be  represented  by  simple  zero  shifts  and 
cannot  be  subtracted  by  simply  averaging  out 
data  for  positive  and  negative  sideslip  or 
rotation. 


4.  CRITERIA  FOR  ANALYSIS 

4.1  Aircraft  design  criteria 

Criteria  for  analysis  of  wind  tunnel  results 
must  be  based  on  aircraft  design  requirements. 
The  design  requirement  tentatively  considered 
for  the  advanced  training  aircraft  under 
consideration  are  relatively  'modest*  compared 
to  some  other  fighter  application  b'  *  never¬ 
theless  represent  a  significant  challenge  eom- 
pared  to  the  past.  Such  criteria  can  be 
summarized  in  the  following: 

-  the  aircraft  must  be  controllable  and 
manoeuvrable  up  to  maximum  lift  angle  of 
attack  of  approx.  30*; 

-  the  aircraft  must  be  safely  recoverable 
from  exceedances  of  this  limit  without  loss 
of  control; 

-  as  a  consequence,  even  if  an  angle  of 
attack  limiter  will  be  required  in  the  FCS 
such  limit  will  not  have  to  be  mandatory, 
in  order  to  avoid  undue  limitations  in  the 
aircraft  agility  at  angles  of  attack  lower 
than  30*. 


4.2  Static  longitudinal  coefficients 

The  main  criterion  for  longitudinal  character¬ 
istics  is  that  the  configuration  will  need  to 
have  available  negative  pitching  moment  at 
any  angle  of  attack  at  full  nose  down  controls 
in  order  to  guarantee  recovery  from  high 
AOA  overshoots.  In  the  worst  condition  the 
pitching  moment  should  include  contributions 
from  sideslip  and  roll  rate.  The  required 
margin  shall  take  account  of  the  inertia 
coupling  and  nose  up  contribution  form  intake 
mass  flow  and  will  guarantee  a  given  value  of 
pitch  acceleration. 
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In  the  present  report,  the  effect  of  sideslip  has 
been  quantified  in  terms  of  change  of  pitching 
moment  for  20*  of  sideslip. 


4.3  Static  latero-directional  coefficients 

The  data  have  been  analyzed  for  the  following 

aspects: 

-  natural  asymmetries,  which  should  be 
limited; 

-  stability  derivatives  Ca,  and  ci,  at  small 
sideslip  angles  (i^l<s*  ),  which  are 
representative  of  departure  tendencies; 

-  available  control  power  in  roll  and  yaw. 

For  this  analysis  roll  and  yaw  coefficients  are 
expressed  in  body  axes. 


4.4  Rotary  data 

Aennacchi  experience  with  many  aircraft 
designs  strongly  supports  the  importance  of 
roll  damping  for  aircraft  stability  at  high 
angle  of  attack,  and  this  position  is  now 
widely  accepted  by  many  different  investiga¬ 
tors  11.13.15, 

For  the  present  quick  look  to  results,  rotary 
balance  data  have  been  analyzed  in  terras  of 
roll  damping  around  wind  axis. 


5.  RESULTS 

It  is  clearly  impossible,  within  the  space 
available,  to  give  a  systematic  presentation  of 
all  the  large  amount  of  results.  In  the 
following,  attention  is  drawn  only  to  the  most 
significant  findings  related  to  the  parameters 
identified  in  section  4  and  to  rotary  data 
whose  availability  in  the  literature  is  much 
limited. 

5.1  Model  breakdown 

5.1.1  Static  longitudinal  coefficients 

No  unexpected  findings.  The  minimum  values 
of  the  pitching  ’recovery”  moments  (fig.  9) 
which  are  normally  seen  between  30  and  70* 
can  be  attributed  in  large  part  to  the  presence 
of  the  LEX.  But  its  contribution  is  signifi¬ 
cantly  offset  by  other  configuration  compo¬ 
nents  like  the  so  called  body  ’shelves'. 

An  important  contribution  of  sideslip  to  the 
pitching  moment  (/5C.,„)is  present.  It  is 
dominated  by  the  body  and  marginally 
affected  by  the  presence  of  the  wing  (fig.  10). 

5.1.2  Static  latero-directional  coefficients 

Asymmetries  at  zero  sidelip  are  concentrated 
in  the  45*  to  75*  range  and  ate  only 
attributable  to  the  b^y  with  tome  reductions 
due  to  wings  and  LEX’s.  (fig.  11) 

Directional  stability  (fig.  12)  shows  the  typical 


drop  and  minimum  between  30  and  50*  which 
is  due  to  adverse  yaw  induced  at  the  tail  by 
the  asymmetric  position  and  bursting  of  the 
wing  and  LEX’s  wake  and  vortices.  At  higher 
AOA  the  body  shows  a  rapid  increase  of 
directional  stability  which  becomes  very 
strong. 

Presence  of  wings  and  LEX’s  greatly  reduce 
this  stability  which  still  remains  positive  or 
neutral  up  to  90*  AOA. 

Lateral  stability  (fig.  12)  shows  in  the  20  to 
30*  range  a  marked  reduction  due  to  the 
progressive  bursting  of  wing  and  LEX  vor¬ 
tices.  In  this  range  lateral  stability  was  shown 
to  be  adversely  affected  by  horizontal  tail 
presence  and  ^flection,  possibly  leading  to 
reversal  at  30  to  35*. 

At  higher  AOA  lateral  stability  is  only 
produced  by  body  fin  and  marginally  modi¬ 
fied  by  wing  and  remains  fairly  linear  and 
constant. 

5.1.3  Rotary  data 

Rotary  data  of  the  configuration  show  two 
distinct  ranges.  In  the  20  to  40*  AOA  range 
the  data  show  a  regular  and  fairly  linear 
behaviour  which  can  be  represented  by  roll 
damping  derivatives  at  least  in  a  range  of 
rotation  rates  around  zero. 

Above  45*  AOA  the  behaviour  is  highly 
unstable  and  non  linear  and  is  dominated  by 
the  forebody  instability  and  couplings  with 
natural  asymmetries. 

In  the  lower  AOA  range  it  is  fairly  easy  to 
define  and  interpret  the  contribution  of  each 
component  (fig.  13). 

The  body-ffin  has  a  negligible  contribution  to 
roll  damping  up  to  32*  AOA,  steadily 
increasing  later  up  to  about  40%  of  the  total. 
The  wing  itself,  which  obviously  gives  most 
of  the  contribution  up  to  20*  AOA,  shows 
autorotation  at  24*.  This  autorotation  is 
postponed  to  32*  and  virtually  eliminated  (zero 
damping)  by  the  presence  of  the  LEX’s,  this 
effect  being  cleaiiy  very  similar  to  the 
beneficial  effect  of  LEX’s  on  maximum  lift. 
The  horizontal  tail  has  an  unexpected  high 
damping  contribution  which  is  evident  both  at 
20  to  28*  and  36  to  42*,  but  is  not  able  to 
offset  the  zero  damping  situation  at  32*  AOA. 

The  typical  behaviour  in  the  higher  (50*  to 
80*)  AOA  range  is  represented  in  fig.  14 
which  shows  the  situation  at  60*. 

Here  the  main  contributitw  comes  from  the 
body  which  shows  a  highly  unstable  behaviour 
which,  similarly  to  the  poaitive  static  direc¬ 
tional  stability,  is  maialjr  the  effect  of  an 
abrupt  switch  in  between  two  anti-symmetri- 
cal  flow  states. 

In  a  crude  way,  since  a  positive  rotation 
creates  a  positive  local  sideslip  at  the  fore- 
body,  the  positive  tide  force  created  by 
sidedip,  which  explains  the  high  directional 
stability,  also  explains  the  high  positive 


autoroUtioa. 

The  other  model  compoaents  have  also  a 
significant  contribntiott,  mainly  in  reducing 
the  maximum  autorotative  rolling  moment, 
with  the  exception  of  the  tail  which  acts  in 
the  opposite  way.  But  in  any  case  the  final 
result  is  not  quiditatively  different  from  the 
body  alone. 


S.2  Forebody  geometry  effects 

5.2.1  Static  longitudinal  coefficients 

Forebody  shape  shows  a  significant  effect  on 
pitching  moment  at  40  to  90*  AOA  (fig.  IS). 
Differences  may  be  as  large  as  ACm-  .2  . 

Shapes  creating  more  lift  and  consequently 
mote  pitch  up  moment  are  the  flattened  ones 
(‘shark*  or  elliptic)  while  the  circular  ones  are 
creating  the  least  lift  and  pitching  moment. 

Important  cross  coupling  effects  also  occur 
due  to  forebody  shape. 

Large  positive  effects  occur  in  the  range 
24  to  70*  AOA  (fig.  16).  Positive  pitching 
moments  as  high  as  0.3  may  be  created  by  the 
flattened  or  longer  noses,  the  lowest  being  the 
shortest  circular  forebody.  Similar  couplings 
are  created  by  rotation  (fig.  17). 

All  these  effects  are  very  important  to  be 
taken  into  account  for  the  design  of  safety 
margin  for  high  AOA  recovery,  for  simulation 
and  spin  prediction. 

5.2.2  Static  latero-directional  coefficients 

The  onset  of  natural  asymmetries  (fig.  18)  is 
in  the  range  of  30  to  45*  for  all  forebodies.  It 
occurs  earlier  for  the  flattened  noses,  though 
not  in  fully  systematic  way.  The  extent  of  the 
asymmetries,  which  may  be  as  large  as  .06  in 
Cn,  does  not  show  a  definite  correlation  with 
forebody  shape,  this  being  explainable  with 
their  random  nature  which  would  require  a 
statistical  approach. 

Asymmetries  disappear  above  70*  AOA. 
Directional  stability  at  small  sideslip  (fig.  19) 
is  only  influenced  in  a  similar  range  of  40’  to 
90*  AOA.  All  forebodies  show  a  steep  increase 
in  stability  at  about  50*  AOA  with  the  circular 
noses  coming  a  little  earlier  than  the  flattened 
ones.  What  is  mainly  evident  from  the  results 
is  that  the  high  apparent  stability  in  these 
conditions  is  maidy  due  to  an  abrupt  switch 
between  two  asymmetric  states  of  the  flow 
which  is  induct^  by  sideslip  (fig.  20).  When 
this  state  is  reached  further  changes  in  sideslip 
have  an  unstable  response  and  no  stable  state 
exist  onuide  p->6*  approx. 

Differently  from  directional  stability  lateral 
stability  at  small  sideslip  (fig.  19)  is  in- 
flnenm^  only  between  30  and  50*.  This  is 
pro^biy  exj^ned  by  the  fact  that  this 
inflnence  is  created  by  interaction  of  forebody 


vortices  with  wtng/LEX  flow.  At  higher  AOA 
forebody  vortices  are  burst  before  reaching 
the  wing.  In  any  case  the  influence  is  not 
large,  with  some  detrimental  effect  due  to  the 
longest  flat  nose. 

At  these  moderate  angles  of  attack  (30«40') 
all  forebodies  show  a  tendency  to  roll  reversal 
at  high  sideslip.  The  onset  of  this  reversal  is 
strongly  dependent  on  forebody  shape  and  is 
delayed  for  the  circular  ones  (fig.  21). 

S.2.3  Rotary  data 

The  effect  on  loll  damping  of  forebody  shape 
seems  to  concentrated  in  the  50*  to  70° 
AOA  range,  which  coincides  with  the  range  of 
important  natural  asymmetries.  Within  this 
range  large  rolling  moments  are  generated  but 
also  the  interpretation  of  results  is  made  more 
difficult  by  the  high  sensitivity  to  any 
disturbance  leading  to  low  test  repeatibility. 
Most  forebodies  show  a  large  instability,  with 
the  exception  of  the  Muff  circular  nose  and, 
partially,  of  the  elliptic  and  long  circular  ones 
(fig.  22).  On  this  topic  the  testing  was  not 
conclusive  and  the  problem  will  have  to  be 
addressed  again  in  the  future. 

The  most  interesting  and  unexpected  finding 
was  the  effect  of  roll  rate  on  pitching  moment 
already  mentioned  in  section  5.2.1  (fig.  17). 

As  already  noted  above  in  sect.  5.1.3,  this 
effect  hints  that,  at  these  attitudes,  forces 
created  by  the  forebody  depend,  in  a  fimt 
approximation,  only  on  the  local  flow  direc¬ 
tion  and  thus  rotation  can  somewhat  be  traded 
with  sideslip.  This  is  also  supported  by  some 
tesU  at  sideslip  which  clearly  show  a  horizon¬ 
tal  shift  of  the  curves:  the  change  in  the 
induced  sideslip  at  the  nose  corresponding  to 
the  shift  in  rotation  rate  (4  to  7*)  correlates 
well  with  the  geometric  sideslip  (fig.  23). 


6.  CONCLUSIONS 

The  present  research  was  very  useful  in 
highlighting  the  main  features  of  the  aerody¬ 
namic  behaviour  at  high  AOA  of  the  con¬ 
figuration  of  concern,  identifying  its  sources 
and  some  margins  of  change  and  correlating  it 
with  typical  behaviours  of  this  class  of 
geometries. 

In  particular  the  following  points  can  be 
summarized. 

a)  High  AOA  testing  has  some  inherent 
difficulties  that  te<|uiie  careful  attention, 
with  particular  reference  to  Reynolds 
number  simnlatioa  which  appears  to  be 
vital  in  order  to  obtain  results  applicable 
to  the  fall  scale  aircraft. 

b)  The  main  coutributioas  to  high  AOA 
behavionr  have  been  identified.  For  this 
class  of  configuratioa  forebody  shape  is 
of  the  utmost  importance  only  above  40* 
AOA. 
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c)  Fairiy  large  values  of  natural  asymmetries 
have  been  found.  The  onset  angle  of  such 
asymmetries  seems  to  correlate  well  with 
published  results  (fig.  24) 

d)  Large  couplings  between  sideslip  and 
rotation  and  longitudinal  aerodynamic 
coefficients  (pitching  moment  in  particu¬ 
lar)  have  been  shown.  These  effects  have 
to  be  taken  into  account  for  the  design  of 
safety  margins  for  pitch  recovery  and  for 
correct  prediction  of  flight  behaviour  at 
these  attitudes. 

e)  For  a  configuration  of  this  class  a 
forebody  of  circular  cross  section  seems 
to  be  largely  preferable,  leading  to 
minimum  pitching  moment  and  Cm,,,  and 
Cm,,,  couplings,  maintaining  positive  di¬ 
rectional  stability  above  SO*  AOA,  no  roll 
reversal  at  high  sideslip. 

The  possibility  to  achieve  positive  roil 
damping  could  not  be  definitely  demon¬ 
strated  by  the  tests. 

Increasing  forebody  finess  ratio  shows 
detrimental  effects,  as  expected. 

Further  tests  will  be  required  to  investigate 
the  effects  of  forebody  apex  blunting  and 
appendages  like  small  strakes  for  further 
improvement  of  the  behaviour. 
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Summary 

Representation  of  nonlinear  and  unsteady 
airloads  by  the  reaction  hypersurface  model  is  shown 
to  be  a  special  case  of  the  nonlinear  indicial  response 
model.  The  principal  requirement  is  that  the  motions 
arc  analytic^  (in  the  strict  mathematical  sense)  to 
ensure  uniqueness.  Static  and  toll  oscillation  test  data 
for  a  65  degree  delta  wing  at  an  angle  of  attack  of  30 
degrees  were  analyzed  using  the  theoretical 
relationships  between  the  two  models.  Analysis 
results  indicate  that  the  existance  of  singularities  in 
the  static  tolling  moment  variation  with  roll  angle 
invalidate  the  cunent  model.  Additional  experiments 
arc  planned  to  resolve  this  issue. 

NomenclMuie 

A  Amplitude 

b  Wingspan 

C|  Rolling  Moment  coefficient  =  I  /  (qa>S  b) 

Cl  Lift  coefneiem  =  L  /  (qoiS  ) 
k  Reduced  frequency  =  (u  b)  /  (2  U«) 

p  Reduced  roll  rate 

q  Reduced  pitch  rate 

qa>  Dynamic  Pressure 

r  Reduced  yaw  rate 

S  Model  planform  area 

t  Non-dimensional  time  =  (2  U)  /  b 
U<o  Freestieam  velocity 

«  Angle  of  attack 

P  Sideslip  angle 

a  Pitch  angle  (of  body-fixed  model  axis) 

4  Roll  rmgle  (brxiy  axis) 

^ ,  Roll  at^e  offset  for  harmonic  test  condiciems 
(memi  value) 

T  Indicial  response  onset  time  (non-dimensionrd) 


biimtociian 

Ltuge-amiditude  dynamic  force  and  momem 
data  typicidly  exhibit  nonlinear  dependencies  on 
ampiituoe  and  frequency.  Often  these  effeos  can  be 
attnbuted  to  "simple"  nonlinear  variations  in  static 
force  and  momoit  data:  sometimes  aerodynamic 
hysteresis  is  dre  cause.  However,  conventional  linear 
models  (e.g.  stability  detivuives)  are  incrgiabie  of 
correctly  accounting  for  the  observed  frequency 


and/or  amplitude  effects  when  applied  to  harmonic 
motions.  "Dynamic  stall",  wing  rock,  and  nose  slice 
are  all  dynamic  high  angle-of-attack  phenomena  for 
which  linear  models  fail.  Appropriate  nonlinear 
models  are  not  generally  available. 

Non-Unear  aerodynamic  response  modeling  for 
flight  mechanics  analyses  requires  that  the  oscillilory 
data  be  put  into  a  forni  which  is  applicable  lo 
arbitrary  (not  known  a  priori)  motions.  The  current 
work  focuses  on  establishing  the  relationships 
between  the  nonlinear  indicial  response  model  (the 
time  domain  model  developed  by  Tobak,  Chapman. 
Schiff*’*  and  others)  and  the  reaction  hypersurfacc 
model  proposed  by  Hanff.’  Both  ate  of  particular 
interest  since  they  are  conceptually  capable  of 
handling  aerodynamic  hysteresis  effects.  However, 
detailed  studies  (based  on  experimental  data  and 
designed  lo  test  the  hypothec  underlying  these 
developments)  are  lacking.  The  hypersurfacc 
lepteseniation  offers  advantages  (to  the  flight 
mkdianist)  over  time  domain  models.  On  the  other 
lumd,  the  nonlinear  indicial  response  can,  in  principle, 
accommodate  a  wide  variety  of  physic^  phenomena. 
The  objective  of  this  pawr  is  to  show  that  the 
hypersurface  model  is,  in  fact,  a  special  case  of  the 
mote  general  indicial  model.  In  particular,  the 
assumptions  r^uired  to  "recover”  the  hypersurfacc, 
and  the  restrictions  thus  imposed,  are  explored. 

In  the  sections  to  follow,  properties  of  the 
hypersurface  model,  derived  from  the  nonlinear 
indicial  response,  ate  studied  using  HanfTs  *  dynamic 
force  arxl  moment  data  for  a  rolling  delta  wing.  The 
use  of  these  data  is  especially  appropriate  because 
stroiqjy  nonlinear  behavk>r  is  exhibited,  includir^  the 
existeiKe  of  multiple  attractors  and  strong  history 
effects.  Shown  in  Hguie  1  are  results  from 
fiee-to-tDll  experiments  conducted  in  concert  with  the 
dyiumic  force  tests.  PbaK-plane  plots  for  two  release 
points  show  two  disdnet  trim  ptrims  ate  observed, 
near  0  and  21  degrees  roU  angle  (a  tlrird  also  exists  at 
-21).  Note  dm  that  at  the  intersection  of  the 
tn^ectories  near  zero  roll  an^  and  positive  roil  rate, 
phi-dot  is  decreasing  for  the  negttive  release  angle 
(solid  curve),  while  the  reverse  is  true  for  the  dashed 
curve.  We  must  conclude  that  the  rolling  moments 
for  the  two  cases  are  of  opposite  sign  evmt  though  phi 
and  piti-dot  are  matched.  Since  there  are  only 
difforences  in  die  motion  Mstory  leading  iq>  to  the 
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intersection,  we  must  also  conclude  that  there  ate 
significant  history  effects  on  the  net  moment,  which 
includes  both  "stiffness"  and  damping  terms. 

Nonlinear  Indicial  Responses 

The  nonlinear  indicial  response  is  defined  in 
terms  of  two  motions  as  shown  in  the  sketch  above. 
Note  that  both  motions  are  generated  by  the 
"reference  motion",  ^(^),  dehn^  for  -oo  <  t  ; 
however 

ifi ,  matches  for  -«  <  t  <  t,  and  is  held 
constant  at  0(t)  for  t  >  t; 

while 

f  j  also  follows  (^{i)  for  t  <  t,  but  jumps 
instantaneously  to  ^  ,  (t)  for  t  >  t. 

As  shown  by  Tobak  and  Qiapman,'  the 
dependence  of  nonlinear  indicial  responses  on 
reference  motion  requires  that  they  be  expressed 
mathematically  as  a  functional,  i.e.. 


QO)  =  C,(t.0(O)) 

Ci^[«(«);t.T]  ^dT  ♦  AC, Me)  ] 

where; 


[21 


AC, Me)  =  C,[«(C):t.Te+E)  -  C,[«(«):t,Te-  e] 

Thus,  the  superposition  integral  is  split  to 
allow  the  solution  to  change  discretely  to  a  new 
equilibrium  state  (and  to  avoid  the  singularity  in  the 
Frechet  derivative).  Although  AC,  allows  for  a 
(potentially  discontinuous)  change  in  equilibrium 
state,  it  is  a  Ainction  of  time  that  in  the  limit 
approaches  the  new  value. 

Reaction  Hypersurlace 


C|  .(«(«):t.T)  »  lim  Q[»2(0]  -Ci[»i(t)]  (,j 

’  A^-*0  A^ 

The  functional  dependency  on  prior  motion,  ^(O. 
distinguishes  the  nonlinear  indicial  response  Aom  its 
linear  counterpart.  The  notation  on  the  L.H.S.  of  Eq, 
1 1 1  is  that  of  Tobak  and  Chapman '  and  is  intended  to 
make  explicit  that  ^ ,  belongs  to  a  family  of  motions, 
all  generated  by  but  constrained  to  remain 

constant  beyond  the  instant  denoted  by  r. 

Equation  [1]  defines  the  Frechet  derivative  of 
the  functional  C|[^ ,  (t)].  Tobak,  Chapman  and  Unal’ 
suggest  that  bifurcations  of  physically  realizable 
(asymptotically  stable  to  small  perturbations) 
steady-state  "solutions"  corresponding  to  ^  i  are 
signaled  by  loss  of  Frechet  differentiability.  They 
also  note  that  changes  in  equilibrium  flow  topology 
can  lead  to  a  loss  cf  analytic  dependence  on  a 
parameter  (e.g.  ^)  and  thus  invalidate  the  Frechet 
derivative.  Both  cases  are  of  considerable  interest  to 
the  study  of  hysteresis  eAects. 

As  shown  by  Tobak  and  Chapman, ' 
aerodynamic  tesponses  to  arbitrary  motion  inputs  can 
be  calculated  throu^  the  use  of  a  generalized 
supeiposition  integral.  If  a  bifurcation  in  the 
steady-state  response  occurs  (or  the  Frechet  derivative 
becomes  singular  for  any  reason)  at  a  "critical  time" 
r^,  the  integral  has  the  form; 


The  reaction  hypersurface  represents  the 
aerodynamic  response  as  a  surface  in  a  space  defined 
by  a  set  of  orthogonal  axes  where  the  independent 
variables  are  the  primary  motion  variables  (and  their 
time  derivatives),  and  the  dependent  variable  is  one  of 
the  six  force  and  moment  coefficients.  In  theory, 
there  is  no  limit  on  the  number  of  independent 
variables.  Using  liA  coefficient  expressed  in  stability 
axes  as  the  example; 

Cl  =  f(a,  a.  a.  ...,(3,0 . p,  p.  p . q,  q.  q, ....  r,  r, ...) 

No  assumptions  regarding  the  linearity  of  the 
response,  with  respect  to  the  motion  variables,  are 
made.  In  fact,  hysteresis  effects  can  be  represented. 
An  idealized  rate-dependent  hysteresis  case  is  shown 
below  in  a  3-space. 

Herein  attention  is  restricted  to  body-axis 
rolling  motions  (corresponding  to  HanfTs 
experiments).  Therefore  only  one  primary  motion 
variable,  and  its  derivatives  are  considered. 
However,  the  techniques  discussed  below  are  not 
limited  in  this  way  and  may  be  ai^lied  to  the  more 
general  case. 

In  the  following  sections,  issues  concerning 
uniqueness  of  the  hypersutface  and  its  derivation, 
starting  from  the  nonlinear  indicial  response  model 
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and  the  generalized  superposition  integral,  are 
examined.  This  is  followed  by  a  description  of  the 
procedures  used  to  derive  analytical  expressions  for 
the  rolling  delta-wing  data  in  hypersurface  form. 
Hanff  and  S.  B.  Jenkins*  have  previously  presented  a 
three  dimensional  reaction  surface  for  the  same  data 
in  tabular  form. 

Reaction  Hypetsuiface  Uniqueness 

Consider  the  space  of  independent  (motion) 
variables,  in  this  case  the  body-axis  roll  angle  arid 
its  derivatives,  ^(t)  is  assumed  to  be  an  analytic 
function  and  therefore  has  derivatives  of  all  orders.  Is 
there  a  unique  aerodynamic  response  corresponding 
to  each  point  in  this  "phase-space"? 

First,  ^(t)  can  be  mapped  into  a  curve  in 
phase-space,  i.e.,  trajectories  in  this  space  are 
parametric  representations  for  the  motion,  with  t  the 
parameter.  Now,  suppose  that  two  such  curves,  ^ ,  (t) 
and  0j(t),  intersect  at  t=a  as  shown  in  the  sketch 
below.  There  is  a  distinct  possibility  that  the 
particular  responses  (e.g.  Cj)  associated  with  the  two 
trajectories  will  disagree  at  t=a,  because  of  different 
histories  (recall  the  dicussion  regarding  Figure  1). 

Expressing  in  terms  of  a  Taylor  series 
(recall  that  analytic  motion  has  been  assumed): 

« ,  (t)  -  « ,  ^  I  a(‘-<a)  ♦ 


where  the  subscript  "a"  indicates  that  the  quantity  is 
evaluated  at  t-tg,  (corresponding  to  the  point  of 
intersection).  In  ^ase  space,  ^e  coordinates  of  the 

point  of  intersection  are:  ^ ^ '4 ,  ^ . 

is  represented  by  its  Taylor  senes  (expanded 
about  t“ta).  clearly  ^  ,(t)  s  *  ,(t).  That  is,  only  oric 
analytic  curve  may  pass  through  a  given  point  in  this 
space  and  the  situation  shown  in  the  sketch  cannot 
occur,  given  the  condition  of  analytic  motion  and  the 
luxury  of  an  infinite-dimensional  space. 

This  result  guarantees  that  one  may 
discriminate  between  different  analytic  motions  given 
a  large  ermugh  space.  On  the  other  hand,  there  is  no 
n^  to  differentiate  between  motions  that  yield 
identical  aerodynamic  responses.  The  extent  to  which 
the  flow-field  "remembers"  prior  events  is  the  factor 
that  determines  the  required  number  of  dimensions. 

History  effects  arise  from  two  sources  when 
interpreted  in  terms  of  the  indicial  response  model. 
Hrst  as  shown  by  Eq.  [1],  the  response  to  a  small  step 
input  in  the  nonlinear  case  depends  on  the  motion, 
^(4),  leading  up  to  the  step  change.  Second,  the 
response  at  time  "t"  due  to  an  arbitrary  motion  input 
deperids  on  the  aggregate  effect  of  all  previous  step 
changes  as  given  by  Eq.  [2],  The  purpose  of  the 
following  section  is  to  show  how  these  effects  impact 
the  hypeisurface  representation. 


Motion 


Rolling  Moment  Responses 
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Derivation  fiom  Indicial  Reqxmsc  Model 

Possible  simpliflcations  to  the  functional 
representation  for  indicial  responses  have  b^n 
suggested  by  Tobak  and  Schiff.  For  an  analytic 
motion,  the  functional  form  of  the  indicial  response 
can  be  replaced  by  a  function  of  the  motion 
paraineters  evaluated  at  the  step  onset  condiu'on. 
That  is  Eq.  [1]  can  be  put  into  the  form; 

to.Tj  =  Ci^Oo.T;  0(t),^(t),^‘(t).  ...) 

f4al 

where: 

0(4)  has  been  rcpaced  by  its  Tayor  series 
(expanded  about  the  onset  time  t)  and  thus  can 
be  expressed  as  a  function  of  0  and  its 
derivatives  all  evaluated  at  t=  t. 
and 

t  =  t,  designates  the  particular  time  at  which 
the  indicial  response  is  being  observed. 

On  physical  grounds,  the  "distant”  past  can  be 
expected  to  less  important  to  the  step  response 
than  the  motion  characteristics  just  prior  to  onset, 
suggesting,  perhaps,  that  only  a  few  Taylor  series 
coefficients  need  to  be  retained.  In  subsequent 
discussions,  the  motion  variables  which  are  retained 
as  arguments  of  the  function  on  the  RHS  of  Eq.  [4al 
will  be  referred  to  as  "oaset  parameters"  (or 
sometimes  as  "active  onset  parameters"). 

The  hypersurface  model  requires  that  the 
aerodynamic  reaction,  Cj  in  this  case,  be  expressed  in 
terms  of  the  motion  state  at  the  observation  time,  to, 
not  onset  time  t  as  done  in  Eq.  [4a).  However,  recall 
that  0(4)  is  defined  up  to  and  including  t  »  t,.  Thus 
with  this  understanding,  0(4)  can  be  expanded  in  a 
Taylor  series  about  any  point,  say  u,  and  Eq.  (4al  can 
jusi  as  easily  be  written; 

C|^(0(4);  i„Tl  -  C^(t„T;  0(te),0(te),0(te),...) 
where: 

Note  again  however,  that  the  notation  serves  as  a 
reminder  that  the  defining  motion  for  the  indicial 
response  is  constrained  to  be  held  constant  for  i  >  t. 
That  is  the  response  due  to  the  step  input  at  t  =  t 
caimot  be  influenced  by  subsequent  events,  even 
though  the  function  0(4)  has  been  represented  by  its 
behavior  beyond  t  ”  t. 

Thus,  for  an  analytic  motion,  Eq.  [2]  can  be  put 
into  the  form: 

Cl(t)  «  Cl(t,  0(0))  +  Cl  ^  (l,  Tg;  0(Tg),  0(Tg).  0(Tg),  ...) 

^C|j(t,Tg;  0(0,  ^(0,0(0, 

*  ACj  (t,  0(Tg))  [5) 

where: 

0(4)  has  been  expanded  about  u-t.  in  the 
first  integral  (Cl  j)  and  in  4Ci 


0(4)  has  been  expanded  about  ie=to  in  the 
second  integral 
and 

the  .subscript  on  t,  has  been  dropped  since 
there  is  no  longer  ambiguity  between  the 
observation  time  and  the  running  time  variable 
in  the  functionals. 

Note  that  Eq.  (5)  gives  the  instantaneous  rolling 
moment  coefflcieni  in  terms  of  instantaneous  motion 
v^ables  (0(t)  and  its  derivatives),  the  locus  of 
critical  points  expressed  in  phase-space  coordinates 
(0('rc).  ^(Tg),  0(Tg),  ...)  and  an  explicit  dependence 
on  time. 

The  importance  of  the  time  dependence 
depends  on  the  relative  sizes  of  characteristic  times 
for  the  motion,  indicial  responses  and  AC].  For 
"slow"  motions  it  will  be  imponant  only  near  i=0 
and,  in  the  case  of  bifurcation,  for  i  close  to  r 
When  needed,  a  moping  of  the  time  variables  into 
phase-space  coordinates  will  complete  the 
transformation.  It  is  informative  to  accomplish  this 
by  finding  the  inverse  of  Eq.  [3).  That  is  with  u=0, 
define: 

G(0-‘)=O=0-0a-0at-^,0at»  -X-0^i>  -  ... 
Now  look  for  a  Taylor  series  for  t  in  terms  of  0  -  0 

=  G0 

d0  C, 

where  the  subscripts  denote  partial  derivatives. 

Higher  order  derivatives  are  obtained  by 
successive  application  of  the  chain  mlc.  Upon 
evaluating  the  derivatives  at  0a ,  which  corresponds  to 
t=0.  we  have: 

t=«  A,(0-0a)  +  A,(0-  0a)*  ■*■... +  An(0-0a)"+... 

where  the  A;,  1=1,  2,  ....  n . depend  only  on  time 

derivatives  of  0  evaluated  at  i=0;  e.  g.. 


Note  that  G(  =  0  is  a  singular  point  of  the 
transformation.  Note  also,  that  the  implicit  function 
for  I,  which  was  derived  based  on  the  function  0(t), 
C3n  be  replaced  by  one  based  on  phi-dot  (or  any  other 
derivative)  near  singular  points. 

Thus,  the  explicit  time  dependence  can  be 
eliminated  if  the  reference  points  for  the  time 
variation  (0  and  its  derivatives  evaluated  at  t=0)  are 
known.  Ttat  is,  the  time  mapping  is  a  property  of  the 
space  and  is  um’qtie  once  the  locus  of  reference  points 
is  specified.  For  many  flight  mechanics  pioUems  a 
convenient  choice  would  be  along  bifurcation 
(Prechet  derivative  singularity)  boundaries  siix*  the 
starting  transients  often  die  out  quiddy  and  can  be 
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neglected. 

Motion  histoiy  effects  theiefoie  impact  a 
tnincated  hypeisurface  in  the  following  ways.  A 
dependence  of  the  indicial  lespo^  on  a  paiticular  set 
of  onset  motion  parameteis  dictates  the  minimum 
dimensions  of  the  phase  space.  Note  however,  that  a 
phi  and  phi-dot  dependency  always  exists  because  of 
the  quasi-steady  contributions  and  phi-dot  appears 
exgicitly  in  the  supeiposition  inte^.  Secondly, 
suflicient  dimensions  must  be  retain^  to  track  time 
in  regions  where  the  time  variations  are  important. 
Each  additional  term  retained  in  Eq.  [6]  r^ires 
higher  derivatives  of  phi  and  thus  more  dimensions. 

One  further  observation  needs  to  be  made.  In  a 
truncated  space,  the  uniqueness  of  the  time  mapping 
is  lost.  That  is,  we  must  be  able  to  identify  the 
particular  trajeaory  being  traversed  in  phase  space  to 
reconstruct  its  time  histoiy.  Recall  that  the  implicit 
function  for  t  is  based  on  the  motion  given  by  Eq.  f3J. 
Therefore,  truncation  restricts  the  range  of  analytic 
motions  that  can  be  uniquely  specific.  We  must 
retain  enough  terms  to  adequately  approximate  the 
actual  motion  over  the  intervm  where  an  explicit  time 
variation  in  the  aerodynamic  response  is  im^rtant. 

A  significant  advantage  to  the  hypersurface 
tepresemation  is  the  replacement  of  by  a  function 
of  motion  parameters,  since  bifurcation  points  are 
more  naturally  expressed  in  these  terms.  In  fact,  to 
apply  the  indicial  response  model  one  would  have  to 
carry  auxiliary  equations  along  to  detcnnine  t  j. 

Model  Identificarion  (hoceduns 


F(^(t).  *(t) . t-  T)  -  Fo  (0,t-  T)  18) 

+  F^(0.t-  T)  d(r)  *  0.5  ^(0.t-  t)  d  *  (t  )  +  . . . 

-r  F^(0a-  T)  «(T)  ♦  0.5  F^^(0a-  T)  ^  7(t)  ♦  ... 


Note  that  mixed  partial  derivatives  will  also 
appear  and  that  the  fonn  of  the  deficiency 
function  now  known.  In  the  following 
discussion,  the  term  "onset  functiori'  is  used  to 
describe  the  onset  parameters  and  products  of 
onset  parameters  which  appear  on  the  RHS  of 
Eq.  8;  i.e.,  ^  * ,  etc. 

(3)  No  static  hysteresis  effects  are  present. 
The  carefully  conducted  experiments  revealed 
no  evidence  to  suggest  hysteietical  behavior. 

(4)  An  asymptotic  expansion  approximation  to 
the  supeiposition  integral,  as  derived  in 
Reference  6,  can  be  us^  to  identify  relevant 
onset  parameters.  This  assumption  is  not 
essentia),  however,  it  allows  a  linear  regression 
analysis  to  be  used  in  the  idenficitation. 
Requirements  are  that  the  test  frequencies  be 
less  than  the  reciprocal  of  the  indicial  response 
time  constants.  In  the  nonlinear  problem,  it 
also  requires  that  harmonic  frequencies  (of  the 
motion}  observed  in  the  rolling  moment 
response  also  be  less  than  the  recirocal  of  the 
time  constants.  The  essentials  of  the  analysis 
are  Outlined  below. 


Based  upon  the  theory  presented  above,  a 
hypersurface  model  for  the  rolling  moment  "output" 
for  the  65-degree  delta  wing  in  response  to  a  body 
axis  rolling  motion  was  investigated.  The  procedure 
used  is  outlined  below. 

The  fundamental  assuptions  are: 

(1)  Indicial  responses  are  assumed  to  approach 
a  steady-state  (time-invariant)  condition  as 
elapsed  time  since  onset  becomes  large.  In 
these  cases,  it  is  convenient  to  introduce 
the"dericiency  function"  F: 


Given  a  haimonic  motion  about  a  fixed  offset 
angle,  i.e., 

♦(t)  “  ^0  *  A  cos(k  t) 

Using  Eqs.  [7]  and  [8]  to  describe  the  indicial 
response  and  expanding  the  supeiposition 
integral  in  an  asymptotic  expansion,  the 
steady-state  part  of  response  can  be  shown*  to 
have  the  form: 

Ci=  Gb+  GiCOs(tt)  +  G,cos(2k  t)  +  G  jCos(3ki) 


F(«(t),  «(t) . t-T)  -  Cl  («(T),-) 

(71 

-Cl^(d(T),^(T),...,t-T) 

where  the  ritst  term  on  the  RHS  is  the 
steady-state  rolling  moment  slope  with  respect 
to*, 

Ci^f^fr),  -)  -  lim  Cj  ,(*(t),*(t) . I  -  T) 

t-T  -♦•* 

Note  that  if  the  equilibrium  state  is 
time-invariant,  it  depends  only  on  the  onset 
level. 

(2)  The  deficiency  (unction  is  assumed  to  be 
analytic  and  therefore  cut  be  expanded  in  a 
Taylor  series  in  terms  of  its  onset  parameteis. 


-r  Htsin (k  t)  T  HjSin (2 k  t)  T  H,sin (3  k  t) 

♦ ...  (9) 

where: 

in-phase  (Gj)  and  out-of-pha^  (Hj) 

coefficients  are  sums  of  contributions 

from  the  relevant  onset  functions.  The  Gi 
also  contain  the  quasi-steady  pan  of  the 
response.  For  examine,  if  an  onset 

function,  is  important  (among  other 

possibilities). 


G,  -  A(C,^-I,k»  TlA*  - 
*  . . .  [lOal 
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H,  -  -  i^»k(J,-4J,k*  ♦...) 

2 

♦  . . .  [10b] 

and 

I,  is  the  second  integral  of  Fgevaluated  at 
T«t,  J,  is  the  first  integral  of  F, 
evaluated  at  r^^t ,  etc.. 

The  variation  with  amplitude  and  offset 
for  selected  onset  functions  is  shown  in 
Table  I. 

Thus,  contributions  from  each  onset 
function  can  be  related  to  multiple  integrals  of 
the  cotresponding  deficiency  tmiction  teims, 
Fg  etc.  Given  amplitude,  offset  and  frequency 
from  the  test  conditions,  a  regression  analysis 
can  be  set  up  to  identify  the  active  onset 
functions  (the  undetetmin^  constants  in  the 
regression  equation  being  the  integrals  in  of  the 
deficiency  ftmctions).  Finally,  knowlege  of 
successive  integrals  of  the  deficiency  functions 
allows  an  estimate  of  the  indicial  response  time 
constants  associated  with  each  onset  parameter 
to  be  made. 

Recall  that  the  quadrature  compon^  is  free 
from  quasi-steady  effects,  thus  identification  of  the 
active  onset  parameteis  is  best  accomplished  using 
these  data.  In  addition,  it  Runs  out  that  for  the 
pertinent  onset  parameters,  the  dynamic  response  in 
quadrature  with  the  motion  are  lower  order  in 
frequency  than  the  corresponding  in-phase  dynamic 
response  terms  (see  Eqs.  [10])  .  Thus  for  both 
reasons  it  is  inherently  more  accurate  to  perform  the 
identification  on  the  quadrature  componem.  The 
known  relationship  between  the  two  components  can 
then  be  exploited  to  give  an  independent  check  on  the 
results. 

Results 

An  analysis  of  the  in-phase  and  quadrature 
components  (the  first  and  second  lines  of  Eq.  [9] 
respectively)  for  the  rolling  65  degree  delta-wing  data 
at  an  angle  of  attack  of  30  degrees  was  performed 
using  a  step-wise  mulitole  regression  techraque.  The 
corrected  sample  coefficient  of  determination,  r|,  is 
about  0.97  for  each  component.  Active  onset 
functions ,  as  identified  by  this  analysis,  are  shown  in 
Table  II  below.  Figures  2  and  3  ^w  comparisons 
between  the  mathematical  model  and  experiment. 

In  Figure  2,  measured  Fburier  coefficients  for 
the  out-of-piMBe  components  (the  imaginary  parts  of 
experimental  FFT  coefficients  for  the  rolling 
momem),  inclutfing  coefficients  for  the  first  four 
harmonics  are  correlated  against  corresponding  model 
coefficients  (H,  through  Hg  in  Eq.  (9)).  All  lest 
conditions  at  4  Heitz,  k  =  0.08,  and  7  Hertz,  k  =  0.14, 
are  represent.  Note  that  each  test  condition 
providn  4  points  on  this  plot 

In-phase  component  results  are  shown  in 
Figure  3.  Here,  in-phase  rolling  momem  vs.  roll 
ai^  is  presented  at  offKt  ang^  of  0  and  42  d^rees 


for  all  am{ditudes  tested  at  k  =  0.14.  However,  in 
order  to  obtain  these  results,  only  the  mean  value  of 
the  tpiasi-steady  contributions  (G.)  as  determined 
fiom  the  static  experiments)  could  be  retained  in  Eq. 
[9].  This  contradicts  what  the  theory  says  we  must  do 
(aU  the  Gj  contain  quasi-steady  terms).  There  were 
also  dismepancies  in  the  magnitudes  of  the 
contributions  due  to  the  identifi^  onset  functions 
between  the  in-phase  and  quadrature  components. 
That  is  the  ij’s  (or  Ij’s)  belonging  to  each  ctnnponent 
are  related  by  the  apmopriate  time  contants.  Even 
though  there  is  relativdy  good  agreemem  in  the  time 
constants  the  magnitudes  did  ikm  tdiedt.  However, 
there  was  agreement  in  the  identification  of  the  most 
significant  onset  functions  in  each  case  as  shown  in 
TaWeff. 

The  source  of  these  discrepancies  is  believed  to 
be  a  loss  of  analytic  dependence  of  the  static  rolling 
moment  on  roll  angle  (near  ±7  degr^).  Evidence 
supporting  this  conclusion  is  shown  if  Hgures  4,  5, 
and  6.  Note  the  steep  gradients  in  the  static  data  near 
the  origin  as  stown  in  Figure  4.  Large  changes  in 
equililmum  states  over  sm^  a  small  variation  in  roll 
angle  is  a  warning  signal  that  should  not  be  igrrored. 
Hmff  and  Ericsson’s^  analysis  of  the  flow  physics  in 
the  static  case  offers  an  explanatioiL  The  mechanism 
appears  to  be  a  rtqrid  aft  movemem  in  th*.  leeward 
wing  vortex-breakdown  position  to  the  trailing  edge 
at  roll  angles  around  7  degrees  (at  lower  roll  angles, 
tlK  movemem  of  the  break-down  point  is  raher 
small).  Substantially  longer  times  to  reach 
equilibrium  states  can  be  expected  when  changes  in 
flow  topology  occur.  ’ 

Finally,  the  contrast  in  the  measured  rolling 
moment  time  histories  shown  in  Figures  5  and  6  is 
dramatic.  The  rollittg  momem  response  for  a  S  degree 
amplitude  harmonic  oscillation  about  a  14  degree 
offset  is  essentially  quasi-steady,as  shoown  in  Figure 
S.  However  as  the  amplitude  is  increased  to  12 
degrees  (Figure  6),  substantiid  dynamic  effects  are 
apparent  as  the  roll  angle  approaches  7  degrees  from 
above.  The  dynamic  effects  then  decay  after  the  roll 
angle  goes  through  7  degrees  again  in  the  second  half 
of  the  cycle. 

All  of  this  suggests  that,  despite  the  absence  of 
static  hysteresis,  there  are  at  least  two  singularities 
present  (at  about  ±  7  degrees)  which  were  not  taken 
into  account  Further  a^^s,  primarily  to  identify 
the  incrememfs)  in  equilibrium  state,  ACj  (t  ^(vg)), 
as  required  at  singular  points,  and  to  better  idenu^ 
the  indicial  respow  characteristics  between  the 
singular  points  awaits  additional  data. 

Another  roll  oscillatioa  test  program  will  be 
conducted  shortly  at  the  7  x  10  ft.  SARL  wind  tunnel 
at  WPAFB.  Its  principle  objectives  are  to  establish 
tlK  impact  of  support  and  wall  interference  on  this 
type  of  testing,  to  obtain  supplementary  data  as 
suggested  by  the  analysis  of  the  previous  tests  and 
fiiuUy,  to  estaUish  the  effect  of  Reyrwlds  number. 
Tdde  m  suriunarizes  the  tests  to  be  conducted  at  the 
same  ReyiwMs  number  as  used  in  the  early  tests, 
whiefa  are  nxne  relevam  to  the  sulgect  at  hand. 
Cooditkins  to  be  repeated  in  order  to  establish 
imwferenoe  effects  are  shown  in  pl^  characters. 
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whereas  sup|neinentai>  ones  are  indicated  in  Ixdd 
print.  As  can  be  observed,  the  latter  reflect  the  need 
to  obtain  data  at  lower  reduced  ficquencies  to  fill  the 
gap  bMween  the  static  data  and  those  tor  k=  0.08. 
These  data  will  be  eqtecially  usefiill  for  separating 
indicia!  response  characteristics  fiom  the  purely  time 
dependent  AC|  effects.  Note  also  that  additional 
surface  oil  flow  visualization  tests  are  irfaimed  to 
obtain  a  better  undeistandiiig  of  the  static  behavior  at 
roll  angles  between  0  and  7  degrees. 

Condusions 

Hanff's  reaction  hypersurface  has  been  shown 
to  be  a  special  case  of  the  nonlinear  indicial  response 
model,  ft  is  a  mapping  of  the  time-domain  response 
onto  an  infinite-dimensional  space  consisting  of  the 
primary  motion  variables  their  derivatives. 
Motions  are  required  to  be  analytic  (in  the  strict 
mathematical  sense)  to  ensure  uniqueness.  Given  a 
locus  of  time-reference  points  in  the  spaM,  time 
variations  can  be  tracked.  In  a  finite-space 
approximation,  the  minimum  dimension  to  avoid 
ambiguities  (in  the  surface  representing  the 
aerodynamic  reaction)  can  be  related  directly  to  active 
indicial  response  onset  parametes.  Additional 
dimensions  may  be  required  if  transients  near  critical 
points  canrmt  be  neglet^. 

A  preliminary  analysis  of  static  and  oscillatory 
roll  data  for  a  65  degree  delta  wing  at  30  degrees 
angle  of  attack  indicates  that  the  corresponding 
hypersurface  model  (in  mathematical  form)  must 
acknowlege  the  presence  of  at  least  two  critical  points 
in  the  static  rolling  moment  curve.  These  points 
correspond  to  large  movements  in  the  vortex 
break-down  point  on  the  leeward  wing  for  a  small 
change  in  roll  angle.  Time-histories  of  measured 
rolling  moment  responses  at  k  =  0.08  suggest  (when 
Compaq  to  static  characteristics)  that  significant 
dynamic  effects  are  present  when  the  critical  points 
are  encoutered.  At  the  same  reduced  frequent^,  the 
response  is  quasi-steady  for  motions  which  avoid 
these  points.  Addition^  tests  are  planned  to  fully 
examine  this  behavior. 

Finally,  the  results  indicate  that  a  hypersurface 
in  at  least  a  four  dimensional  space  (roll  an^e  and  its 
first  two  derivatives  as  independent  variables)  is 
required  to  fully  represent  the  rolling  moment 


response  for  the  case  studied. 
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■tnoouiT 

Results  are  presented  and  discussed  for 
the  low  speed  test  of  a  atrakad  wlnq  nodal 
oscillatinq  in  pitch  that  was  conducted 
during  1986  at  the  National  Aerospace  Labo¬ 
ratory  of  The  Netherlands  in  cooperation 
with  General  Dynanics.  The  nodal  was  oscil¬ 
lated  about  naan  angles  of  attack  ranging 
fron  -4  dag  to  48  deg  with  anplitudes  vary¬ 
ing  fron  2  deg  to  18  dag  for  a  naxlnun 
incidence  range  of  -8  dag  to  50  dag.  It  was 
also  oscillated  in  pitch  at  aide  slip  angles 
of  +5  dag  and  -5  deg.  Force,  pressure  and 
flow-visualization  data  were  recorded, 
processed  and  docunantad  in  a  final  report 
and  storad  on  digital  and  analog  nagnatic 
tapes.  This  paper  presents  a  brief  descrip¬ 
tion  of  the  nodal  and  teat  progran,  in 
addition  to  the  steady  and  unsteady  aerody- 
nanlc  characteristics.  Steady  and  unsteady 
pressure  and  flow-visualization  data  are 
used  to  provide  a  batter  understanding  of 
the  phenonena  observed  in  the  aerodynanlc 
characteristics.  Particular  enphasls  is 
placed  on  the  nature  of  dynanic  vortex 
structure  Interplay  with  the  forces  and 
nonents  for  syanetrlc  flows.  These  concepts 
are  than  used  to  gain  insight  to  the  devel- 
opnents  of  asynnetric  forces  and  nonents  for 
the  nodal  pitching  at  side-slip. 

i.9  INTIMOIICTZaR 

Post  stall  naneuvaring  capability 
raquirananta  for  fighter  aircraft  are  becon- 
Ing  a  distinct  possibility  as  enphaslzad  in 
recent  research  prograns  being  conducted  by 
NASA,  U.S.  Air  Force,  U.S.  Navy  and  DARPA. 
Two  basic  classes  of  hi-AOA  naneuvers  have 
evolved!  (1)  a  low-spaed  rapid  turn  with 
high  decalarationa  going  into  the  turn  and 
high  accelerations  cosing  out  of  the  turn;' 
and  (2)  a  rapid  nitch-point  fire  maneuver  at 
higher  speeds. The  first  type  of  naneuver 
is  akin  to  a  "hannerhaad*  stall  where  as  the 
second  ia  a  pitch-pulse  sinilar  to  that 
danonstrated  by  Pougachav  in  a  Ruasian  Su-27 
at  the  Paris  Air  Show  in  1989,  nickhaned  the 
"Cobra*  naneuver. 

Although  aerodynanlc  loads  encountered 
in  low  spe^  rapid  turns  would  be  snail, 
those  produced  during  rapid  pointing  naneu- 
vars  at  higher  speeds  would  be  significant 
and  highly  dynanic.  Moreover,  the  dynanic 
aerodynanlc  loads  in  the  latter  case  would 
be  quite  different  fron  sustained  naneuver 
loads  in  both  nagnituda  and  character. 
Hysteresis  effects  in  forces  and  nozMnts  as 
well  as  dynanic  overshoots  of  steady  naxlnun 
forces  are  typical  of  the  differences.  Many 
of  the  currant  fighter  aircraft  which  have 
the  potential  to  parfora  such  naneuvers  are 
strakad  wing  configurations  as  oxeapliflad 
by  the  P-16,  F-18,  MlO-29,  and  Su-a7.  Thus, 
the  unntae^  aorodynanie  loads  on  these 
aircraft  would  bo  produced  by  vortex  flows 
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peculiar  to  atraked  wing  plan-foms,  subject 
to  bursting  and  stalled  conditions  at  high 
incidences  and  high  pitch  rates. 


In  order  to  better  understand  the 
developnent  of  unsteady  air  loads  for  these 
fighters  naneuvering  beyond  stall,  a  low 
speed  wind  tunnel  test  of  an  oscillating 
atraked  wing  model  was  perfomed  during  1986 
in  a  cooperative  program  between  General 
Dynamics  and  the  National  Aerimpace  Labora¬ 
tory  (NLR)  of  The  Netherlands.^  The  testing 
was  funded  by  the  Air  Force  Wright  Research 
and  Development  Center  using  the  model  that 
was  designed  and  built  at  MLR  with  funds 
provided  by  General  Dynanics  and  NLR. 


Several  papers  have  been  written  de¬ 
scribing  both  the  1986  test  and  subsequent 
analyses  of  the  results  of  that  test.^’°’'’‘ 


This  paper  is  a  follow-on  to  Reference  8 
with  the  purpose  of  providing  a  better 
understanding  of  the  non-linear  aerodynamic 
phenomena  described  in  that  reference. 
Particular  emphasis  will  be  placed  on  the 
nature  of  dynamic  vortex  structure  interplay 
with  aerodynamic  forces  experienced  by  the 
straked  wing  model.  Unsteady  pressure  data 
will  be  used  to  provide  the  link  between 
flow-visualization  and  force  data  for  sym¬ 
metric  pitching  motions.  These  concepts 
will  then  bn  used  to  gain  insight  to  the 
developments  of  asymmetric  forces  and  mo¬ 
ments  for  the  model  pitching  at  side-slip. 
Qiphasis  will  be  placed  on  the  flow  regimes 
that  are  dominated  by  vortex,  burst  vortex 
and/or  stalled  flows  on  either  the  windward 
or  leeward  wings  or  both. 


8.0  MODBL  AND  TSNT  PROGRAM 


The  full-span  nodal  shown  in  Figure  1 
was  Instrumented  with  a  six-component  bal¬ 
ance,  42  in-situ  pressure  transducers,  nine 
vertical  accelerometers  and  an  angle-of- 
attack  sensor.  Boundary  layer  transition 
was  not  fixed  on  the  model.  The  model  was 
mounted  on  the  dynanic  support  system  also 
shown  in  Figure  1  with  the  capability  of 
maximum  aiq^litudas  of  t  18  deg  (36  deg  peak- 
to-paak)  and  maximum  frequencies  of  16  hz 
(limited  to  12  dag  amplitude) .  The  total 
incidence  range  was  fron  -8  deg  to  50  deg 
with  the  capability  of  statically  yawing  the 
model  and  support  system  as  indicated  in 
Figure  1.  Flow-visualization  of  the  vortex 
structure  was  accomplished  with  smoke  injec¬ 
tion  from  the  model  nose  with  laser  light 
sheet  illumination.  For  unsteady  flows,  the 
laser  sheet  was  pulsed  in  phase  with  model 
motion  to  provide  illumination  at  a  fixed 
model  incidence  during  the  cycle.  The  laser 
light  sheet  was  positioned  at  each  of  the 
spanwise  pressure  sections  so  as  to  provide 
a  spatial  correlation  between  pressure  and 
flow-visualization  data. 


Force,  pressure  and  flow-visualization 
data  were  obtained  for  a  wide  variety  of 
static  and  dynamic  conditions  at  incidences 
iq>  to  50  dag  and  are  fully  documented  in 
Rsferanoes  4  and  S.  The  tests  ware  conduct- 
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Flqura  1  strakad  Ving  Hodal,  Inatruaantatlon,  and  Dynaale  Support  Syataa 


ad  In  tha  NLR  2.25  x  3.00b^  Low  Speed  Tunnel 
ueinq  a  aatrlx  of  mean  Incidence,  amplitude 
and  frequency  so  that  the  effects  of  pitch 
rate,  amplitude  and  incidence  range  could  be 
systematically  separated.  Time  histories  as 
well  as  harmonic  component  results  were 
recorded  for  forces,  moments  and  pressures. 
Results  were  also  obtained  for  the  model 
pitching  at  fixed  yaw  angles  of  15  deg. 
Sign  conventions  for  the  forces,  moments, 
and  angles  are  shown  in  Figure  2. 

3,0  ■mamtic  no* 

The  key  to  understanding  tha  unsteady 
aerodynamics  is  to  first  understand  tha 
steady  aerodynamics.  The  combination  of 
force,  pressure  and  flow-visualization  data 
available  from  this  test  makes  it  possible 
to  break  down  the  angle  of  attack  range  of 
-8  deg  to  50  deg  into  definable  flow  regimes 
separated  by  smaller  transition  regimes. 

3.1  aymaatzio  ftaady  karodynamio 
Charaetaristlos 

The  variations  of  steady  normal  force, 
and  pitching  momant,  C_  with  angle  of 
attack,  a,  ara  shown  in  Figure  3  for  zero 
side-slip.  Important  flow  field  character¬ 
istics  and  transitions  ara  also  denoted 
where  tha  "sections"  referred  to  in  those 
notations  are  tha  pressure  transducer  row* 


shown  in  Figure  1.  Corresponding  steady 
pressure  data  for  all  four  sections  are 
shown  in  Figure  4  for  a  -  10  dag,  19  deg, 
22.4  deg,  36  deg  and  42.3  deg.  The  pressure 
data  where  chosen  to  highlight  various  flow 
regimes  and  transitions. 

The  "Linear"  range  of  aerodynamic  force 
development  is  clearly  evident  in  Figure  3 
in  both  the  C|^  and  data  from  o  -  -8  deg 
to  8  deg.  Beyond  8  deg,  the  Cjj  and 
curves  show  an  upward  change  in  slope  that 
is  indicative  of  the  development  of  vortex 
flows  over  both  tha  wing  and  strake.  This 
is  illustrated  by  the  pressure  data  and 
sketch  of  vortex  structure  in  Figure  4  at 
a  •  10  deg  tor  pressure  Section  2.  The 
small  peak  at  2y/b  »  0.45  is  produced  by  the 
strake  vortex  and  tha  stronger  peak  at  2y/b 
“  0.8  by  the  wing  vortex. 

The  vortex  flow  range  continues  to 
develop  until  a  -  18  deg  to  19  deg  where  a 
distinct  break  occurs  in  the  Cn  and  C„  data. 
This  break  signals  tha  onset  of  vortex  burst 
which  represents  the  limit  of  vortex 
strength  that  can  be  maintained  by  tha  flow 
fields.  Bursting  tends  to  occur  simulta¬ 
neously  for  the  wing  and  strake  vortices 
when  the  two  merge."’’  The  pressure  data  and 
sketch  of  burst  vortex  sturctura  for  a  -  19 
deg  in  Figure  4  show  well  developed  vortices 
at  both  the  forward  pressure  sections  (1  and 
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Figure  3  Steady  Force  and  Moaent  Results 
for  Syaaetrlc  Flow 


2)  but  a  deterioration  of  pressure  recovery 
on  the  out-board  half  of  the  trailing  edge 
section  (3) . 

For  increasing  a  in  the  burst  vortex 
regime,  the  straka  vortex  strength  increases 
but  the  burst  point  continues  to  move  for¬ 
ward.  These  opposing  trends  result  in  a 
much  lower  slope  in  the  C|^  curve  as  shown  in 
Figure  3,  however,  the  slope  is  almost 
constant  froa  e  •  19  deg  to  about  34  deg. 
Ihe  gain  in  lift  forward,  duo  to  stroke 
vortex  strength  increase,  and  the  loss  in 
lift  aft,  due  to  vortex  burst  forward  move¬ 
ment,  produces  a  pitch-up  in  the  C„  curve  as 
shown  in  Figure  3.  The  pressure  data  and 


sketches  of  burst  vortex  development  in 
Figure  4  for  a  -  19  deg,  22.4  deg,  and  36 
deg  show  the  deterioration  of  the  wing 
vortex  strength  at  Section  2  and  the  contin¬ 
ued  increase  of  the  stroke  vortex  strength 
up  to  36  deg  at  Section  1. 

Beyond  the  Baxiaua  value  of  at  a  - 
36  deg  the  flow  over  the  entire  wing  and 
stroke  rapidly  collapses  to  completely 
separated  or  flat  plate  flow.  Under  these 
conditions  for  increasing  a  the  noraal  force 
is  falling  off  and  the  center  of  pressure  is 
moving  toward  the  geometric  centroid  of  the 
planfom  as  indicated  by  a  rapid  decrease  in 
pitching  moment.  The  pressure  data  at  e  - 
42.3  deg  in  Figure  4  show  that  the  pressure 
distributions  are  nearly  flat  at  about  the 
same  level  for  all  sections  except  Section  1 
on  the  strake.  At  this  angle,  the  strake 
vortex  burst  has  progressed  forward  of 
Section  1  as  shown  in  the  sketch  for  a  - 
42.3  deg. 

3.2  Syamstrlo  Onstsady  Aaredynamie 
Cbaxactaristies 

The  symmetric  unsteady  aerodynamic 
characteristics  for  the  pitching  straked 
wing  model  at  zero  side-slip  have  been 
discussed  extensively  in  References  6,  7, 
and  8.  Since  then,  a  new  format  has  been 
developed  which  combines  the  pressure  and 
flow-visualization  data  presented  in  Refer¬ 
ence  4  into  a  side-by-side  surface  presenta¬ 
tion  at  every  1/8  of  the  oscillation  cycle. 
This  fora  also  highlights  the  changes  at 
each  point  of  the  cycle  by  comparing  current 
characteristics  with  those  at  the  previous 
point  in  the  cycle.  Pressures,  vortex 
paths,  vortex  core  locations,  and  estimated 
vortex  burst  points  are  all  treated  in  this 
manner.  The  side-by-side  presentation  of 
the  spatial  relationships  of  pressures  and 
vortex  structure  further  clarifies  the 
relationship  between  off-surface  flow-fields 
and  surface  pressures. 

Discussions  of  symmetric  unsteady  flows 
in  this  section  will  be  restricted  to  two 
incidence  ranges  at  an  intermediate  reduced 
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Figure  S  Unsteady  Horaial  Force  Results  In 
Syanetrlc  Flow 


Figure  6  Unsteady  Pitching  Moment  Results 
in  Symmetric  Flow 


frequency,  k  -  O.IS.  The  mid-incidence 
range  of  a  >  8  deg  to  38  deg  for  pitch 
oscillation  will  cover  vortex  flow  and 
burst.  The  higher  range  of  a  •>  22  deg  to  SO 
deg  begins  in  vortex  burst  and  ends  in 
stalled  flow.  For  ease  of  reference  in  the 
following  discussions,  the  normal  force,  Cj^, 
and  pitching  moment,  C„,  results  from  earli¬ 
er  references  are  repeated  in  Figures  5  and 
6  respectively,  for  model  pitch  oscillations 
at  the  two  incidence  ranges  and  k  •  0.15. 

The  first  set  of  pressure  and  flow- 
visualization  data  to  be  discussed  is  pre¬ 
sented  in  Figure  7  for  the  mid-incidence 
range  of  8  deg  to  38  deg.  The  arrangement 
consists  of  surface  instantaneous  pressure 
plots  on  the  left  and  instantaneous  smoke 
pattern  outlines  on  the  right  with  tine 
increasing  shown  by  the  large  arrows.  The 
instantaneous  value  of  a  and  direction  of 
pitch  rate  (a)  are  both  denoted  at  each 
point  in  tine.  In  all  cases,  lowest  a 
conditions  are  at  the  bottom  of  the  figures 
and  highest  a  conditions  at  the  top  of  the 
figures. 

Rotations  are  presented  in  Figure  7(a) 
at  a  -  8.4  deg  tor  symbol  definitions. 
Current  pressure  distributions  and  projected 
vortex  paths  are  denoted  as  solid  lines  and 
previous  results  as  dashed  lines.  As  an 
example,  for  e  -  8.4  deg,  the  dashed  data 
are  the  same  as  current  data  for  the  previ¬ 
ous  condition  at  o  •  12.5  dog,  o  <  o.  Figure 
7 (h) .  The  smoke  pattern  outlines  as  traced 
from  the  instantaneous  flow-visualisation 
photographs,  are  always  shown  for  the  cur¬ 
rent  angle.  Also  noted  are  the  straks 
vortex  vortical  and  lateral  core  position 
loci  with  a  symbol  denoting  the  current  core 
position.  Thaos  loei  are  shown  twice  scale 


size  for  clarity  and  are  not  shown  if  the 
strake  vortex  has  burst  at  the  corresponding 
point  in  time  and  light  sheet  location. 

Beginning  at  a  ••  8.4  in  Figure  7(a)  the 
flow  fields  are  dominated  by  the  strake  and 
wing  vortices  where  neither  are  burst  and 
the  latter  is  producing  the  highest  suction 
peak  as  seen  in  the  pressures.  Progressing 
1/6  of  a  cycle  to  the  next  angle,  a  •  12.5 
deg.  Figure  7 (b) ,  the  sane  flow  conditions 
exist  except  that  suction  has  increased  more 
for  the  strake  vortex  than  for  the  wing 
vortex.  The  wing  vortex  is  moving  Inboard 
and  the  strake  vortex  is  moving  away  from 
the  wing.  Since  surface  suction  is  growing 
under  the  strake  vortex,  then  its  strength 
is  increasing  at  a  rate  sufficient  to  more 
than  offset  the  loss  in  suction  that  occurs 
due  to  displacement  of  that  vortex  away  from 
the  wing. 

At  o  -  22.3  deg,  in  Figure  7(c),  the 
wing  and  strake  vortex  have  combined  into  a 
burst.  This  bursting  has  occurred  just 
prior  to  the  current  angle  as  is  Indicated 
by  the  shape  of  the  smoke  pattern  at  the 
trailing  edge.  The  *tall*  pattern  denoted 
in  the  figure  is  characteristic  of  post 
bursting,  within  l  dag,  as  has  been  seen  in 
other  ^otographs  for  smaller  amplitudes 
which  highlight  the  burst  process.  This 
point  corresponds  to  the  break  in  the  dynam¬ 
ic  Cfi  loop  (d  >  0,  Figure  5)  and  a  pltch-up 
break  in  the  C_  loop  (d  >  o.  Figure  8)  both 
at  23  deg.  Bunion  under  the  wing  vortex  at 
Section  3  has  changed  very  little  but  has 
increased  algnifioantly  under  the  strake 
vortex,  even  though  the  latter  has  moved 
further  away  from  the  wing  surface.  A  large 
increase  in  suction  at  both  the  trailing 
sdgs  (Section  3)  and  nordwisa  (Section  4) 
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positions  is  a  result  of  bending  the  strake 
vortex  in  the  span-wise  direction  and  burst- 
ing  of  both  vortices. 

Beyond  burst  at  a  *  32.1  deg*  in  Figure 
7(d)  the  burst  point  moves  fonfard  and  the 
strake  vortex  moves  further  away  from  the 
wing.  An  outboard  movement  of  the  strake 
vortex  is  also  seen  at  Section  1  which  is 
greater  than  that  seen  at  Section  2.  Suc¬ 
tion  under  the  wing  vortex  at  Section  2  has 
dropped  significantly  as  a  result  of  lifting 
that  vortex  by  the  strake  vortex  and  the 
domstream  burst  point  moving  forward. 
Suction  under  the  strake  vortex  at  Section  2 
is  still  increasing,  thus,  indicating  con¬ 
tinued  gro%rth  of  its  strength  to  offset  its 
displacement  away  from  the  wing.  This 
region  corresponds  to  points  in  the  Cn  and 
dynamic  loops  (d  >  0  ,  Figures  5  and  S) 
where  dynamic  lift  is  at  a  maximum  and  C^, 
pitch-up  is  still  Increasing. 

At  the  maxlmvm  incidence  ,  36.1  deg, 

in  Figure  7(a),  burst  of  the  strake  vortex 
has  moved  forward  of  Section  2  as  indicated 
by  the  smoke  pattern  at  that  section. 
Suction  has  also  fallen  off  under  the  strake 
vortex  as  a  result  of  the  bursting;  however, 
not  much  change  has  occurred  for  the  wing 
vortex.  Since  pitch  rata  is  zero,  the 
aerodynamic  lag  effect  la  disappearing  and 
the  unsteady  flow  fields  are  "catching  up" 
with  the  steady  characteristics  at  the  peak 
angle  as  is  also  indicated  in  the  Cf^  and  c,, 
loops . 

At  the  beginning  of  pltch-dotm,  a  . 
32.1  deg,  in  Figure  7(f),  very  little  change 
is  noted  from  the  peak  incidence  of  36.1 
deg.  Suction  is  generally  falling  and  flow 
re-establishment  has  progressed  very  little 
as  a  result  of  reverse  aerodynamic  lag 
(tendency  of  the  flow-fields  to  remain  at  a 
more  se{>arated  condition) .  This  reverse  lag 
as  contrasted  with  positive  lag  on  pitch-up 
is  very  apparent  in  the  comparison  of  re¬ 
sults  in  Figures  7(d)  and  7(f)  at  a  -  32.1 
deg.  This  comparison  also  highlights  the 
differences  in  the  Cn  and  dynamic  loops 
in  Figures  5  and  6  for  pitch-up  and  pitch- 
down. 

At  the  mean  incidence,  a  -  22.3  dag,  in 
Figure  7 (g) ,  where  vortex  bursting  occurred 
on  pitch-up,  the  strake  burst  point  has 
aoved  aft  of  Section  2.  The  suction  levels 
have  fallen  from  the  pravious  angle  and  are 
slightly  lower  overall  under  the  strake 
vortex  than  those  shown  for  pltch-up  at  a  - 
22.3  dag.  Figure  7(c).  The  weaker  suction 
peak  under  the  wing  vortex  for  d  <  0  as 
compared  with  that  for  d  >  o  is  probably 
indicative  of  the  source  tor  much  lower  C/f 
values  on  pitch-down  in  Figure  S. 

Just  prior  to  the  lowest  angle  at  a  - 
12.5  deg,  in  Figure  7(h),  the  flow  fieltte 
have  been  fully  re-established.  The  burst 
has  aoved  oft  of  the  trailing  edge  and  the 
wing  vortex  suction  peak  is  again  reformed. 
The  strake  vortex  has  moved  closer  to  the 
wing  but  has  diminished  significantly  in 
strength  as  indicated  by  the  largo  drop  in 
suction  under  that  vortex.  In  agreement 
with  the  Cff  and  results  in  Figures  s  and 
5,  very  tew  differences  ars  noted  between 
the  d  >  0  and  d  <  o  distributions  at  a  • 
12.5  dag  in  Figures  7(b)  and  7(h). 

Finally,  oompleting  the  cycle  by  pro- 
greasing  from  e  •  la.S  dag,  to  a  •  1.4  in 


Figure  7,  very  few  changes  taka  place  with 
exception  of  dropping  of  suction  levels  and 
movement  of  the  strake  vortex  toward  the 
wing.  This  is  essentially  the  reverse  of 
pltch-up  from  8.4  deg  to  12.5  deg  and  re¬ 
flects  the  nearly  linear  behavior  of  the 
aerodynamics  in  this  incidence  range  as 
noted  in  the  Cjj  and  results  in  Figures  5 
and  6. 

The  second  set  of  pressure  and  flow- 
visualization  data  is  presented  in  Figure  8 
for  the  high  incidence  range  of  22  deg  to  SO 
deg.  The  format  is  Identical  to  that  used 
in  Figure  7  with  the  exception  that  the  wing 
vortex  vertical/ lateral  position  locus  is 
shown  at  Section  2  rather  than  the  strake 
vortex  loci  at  Sections  1,  2  and  3.  Since 
this  incidence  range  )3egins  in  burst  vortex 
flow  at  22  deg  and  ends  in  stalled  flow  at 
50  deg,  the  strake  vortex  is  burst  most  of 
the  time  as  is  evident  in  the  smoke  pattern 
sketches . 

Beginning  at  a  -  22.1  deg,  in  Figure 
8(a)  the  pressure  distributions  are  very 
similar  to  those  shown  in  Figure  7(c)  for 
pitch-up  at  a  -  22.3  dag.  The  smoke  pat¬ 
terns  indicate  a  similar  but  more  deterio¬ 
rated  flow-field  in  Figure  8(a)  which  is 
attributed  to  d  -  0.  Likewise  comparisons 
of  a  »  22.1  deg  in  Figure  8(a)  with  results 
in  Figure  7(g)  at  a  -  22.3  deg,  on  pitch- 
down,  shows  the  suction  levels  to  be  about 
the  same.  Less  flow-field  deterioration  is 
noted  in  Figure  8(a)  which  is  attributed  to 
negative  pitch  rate  in  Figure  7(g). 

Similar  characteristics  are  seen  at  the 
next  angle,  a  -  25.2  deg,  in  Figure  8(b). 
Vortex  structures  are  similar  with  both 
moving  Inboard  at  Section  2  and  burst  moving 
forward.  Suction  levels  are  increasing, 
thereby  increasing  lift  as  shown  by  the 
dynamic  loop  in  Figure  5.  More  lift  is 
being  generated  on  the  aft  portion  of  the 
wing  as  indicated  by  less  dynamic  C„  pitch- 
up  trends  when  compared  with  the  steady 
characteristics. 


At  the  mean  angle,  a  -  36.0  deg,  in 
Figure  8(c),  the  strake  vortex  burst  sudden¬ 
ly  moves  forward  of  Section  2  and  the  wing 
vortex  has  moved  away  from  the  wing.  Strake 
vortex  bursting  has  reduced  the  increase  in 
suction  levels  while  wing  vortex  motion  away 
from  the  wing  has  produced  a  net  loss  in 
suction.  Divergence  of  the  pressures  along 
Sections  3  (trailing  edge)  and  4  (chordwlse) 
are  indicative  of  massive  vortex  bursting. 
This  condition  is  close  to  the  maximum 
dynamic  levels  of  C|,  and  as  shown  in 
Figures  5  and  6. 

Further  deterioration  is  evident  at  a  - 
45.8  dag,  in  Figure  8(d)  where  Inirsting  has 
moved  forward  of  Soction  2  tor  the  wing 
vortex  and  forward  of  Section  i  for  the 
strake  vortex.  Suction  levels  have  either 
stayed  about  the  same  or  fallen  significant¬ 
ly  from  the  pravious  position.  A  separation 
that  now  appears  between  the  bottom  of  tho 
smoke  pattern  outline  at  the  trailing  edge 
and  the  wing  surface  is  attributed  to 
stalled  flow.  The  falling  suction  levels 
agree  with  falling  values  of  dynamic  Cff  and 
in  Figures  5  and  6. 

kt  the  peak  angle,  a  •  49.8  dag,  in 
Figure  8(e),  the  flow  fields  are  cosplataly 
stalled  with  exertion  of  small  regions  of 
vertmx  flews  en  the  mtrake.  Suetion  levels 
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rigur*  7  TIm  niatory  Praswitation  of  rrawur*  and  naw-vlBualliatlon 
Data  at  k  -  O.IS  and  Hid-Ineidanca.  a  •  •  Dag  to  36  Dag 
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Figur*  8  TiM  History  Prsssntation  of  Prossurs  and  Plos-Vlsusllsatlon 
Data  at  k  -  0.15  and  High-Incldanca,  o  -  22  Dag  to  SO  Dog 


Flgur*  8  (concludad) 
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have  still  fallen  further  and  Baaslve  sepa¬ 
ration  is  evident  in  the  saoke  pattern 
outlines.  The  further  reduction  of  Cf/  and 
in  Figures  5  and  6  reflect  these  charac¬ 
teristics. 

On  pitch-down  at  a  -  45.8  deg,  in 
Figure  8(f),  the  flow  field  characteristics 
and  pressures  show  little  change  fron  the 
previous  conditions  at  a  >  49.8  deg,  with 
exception  of  reduction  of  suction  levels  at 
Section  1.  This  reduction  is  a  result  of 
continued  deterioration  of  the  stroke  vortex 
with  negative  pitch  rate  and  results  in  a 
slight  Cg,  pitch-down.  Coaparlsons  between 
a*<  0  and  d  >  O  for  a  ~  45.8  deg  show  that  a 
positive  pitch  rate  results  in  auch  higher 
suction  levels  over  the  entire  wing,  espe¬ 
cially  on  the  strake,  which  lead  to  the 
higher  dynamic  0)^  and  values  seen  in 
Figure  5  and  6  for  pltch-up  vs  pitch-down. 

At  the  mean  angle,  a  •  36.0  deg,  in 
Figure  8(g),  again  the  flow-field  character¬ 
istics  and  pressures  are  similar  to  those  at 
the  previous  angle  of  45.8  deg.  A  alight 
overall  lowering  of  suction  levels  agrees 
with  dynamic  Cn'  and  Cg,  trends  in  Figures  5 
and  6.  It  appears,  however,  that  the  wing 
vortex  burst  point  has  moved  aft  of  Section 
2  but  has  not  had  much  effect  on  pressures. 
Comparisons  between  d  >  0  and  d  <  0  for  36.0 
deg  show  an  even  more  pronounced  effect  of 
positive  and  negative  pitch  rates.  This  is 
evident  in  the  pressures,  smoke  pattern 
outlines  and  strake  vortex  positions. 

At  a  >  25.2  deg  in  Figure  S(h),  not 
auch  change  has  occurred  since  the  previous 
angle  of  36.0  deg  which  represents  a  stark 
example  of  the  persistence  of  stalled  flows. 
These  characteristics  are  seen  to  be  more 
similar  to  those  at  the  peak  angle  of  49.8 
deg  than  those  at  e  -  25.2  deg  in  Figure 
8(b).  This  condition  also  corresponds  to 
the  point  of  alnlmum  dynamic  C|,|  in  Figure  5. 

Continuing  to  the  minimum  angle  a  • 

22.1  deg,  the  change  is  very  pronounced  from 
the  previous  condition  at  a  «  25.2  dag.  The 
strake  vortex  burst  moved  quickly  aft  of 
Section  2  and  the  wing  vortex  moved  closer 
to  the  wing  and  increased  strength.  All 
suction  levels  increased  and  trailing  edge 
divergence  was  reduced  thus  leading  to  the 
return  of  dynamic  <=N  and  values  to  near 
their  static  values.  The  reduction  of 
negative  pitch-rate  to  zero  allowed  the 
flow-fields  to  "catch-up*  and  re-establish 
the  burst  vortex  flow  characteristics  at 

22.1  deg. 


In  summary,  with  a  new  format  for 
presenting  unsteady  pressure  and  flow-visu¬ 
alization  data,  it  has  been  possible  to  more 
clearly  relate  tho  dsvslopaent  of  dynamic 
flow-field  characteristics  with  fores  and 
moment  data  trends  for  tbs  oscillating 
strakad  wing  model.  In  the  mld-lncldance 
range  of  a  >•  8  dag  to  38  deg,  lag  in  vortex 
bursting  on  pltch-up  Ok-  ths  psrsistencs  of 
vortex  burst  on  pitch-down  was  shown  to 
significantly  affect  the  pressure  distribu- 
tl«is  and  hence,  dynamic  force  end  moment 
results.  Vortex  strength  and  position  were 
also  seen  to  have  oountoraoting  affects  on 
pressures.  In  the  high-lnoldanee  range  of  a 
-  22  dag  to  50  dog,  the  persistence  of  burst 
vortex  flows  to  angles  beyond  static  stall 
was  shown  to  be  responsible  for  significant 
draamlo  lift  overshoot  with  pltch-up. 
Ukswiss,  ths  awan  gcaatar  persist swoe  of 


stalled  flows  was  shown  to  be  responsible 
for  significant  dynamic  lift  undershoot  with 
pitch-down.  Burst  vortex  flow  re-establish- 
ment  fron  stalled  flow  took  at  least  3/8  of 
a  cycle  on  pitch-do«m;  but  only  a  little 
more  than  1/8  of  a  cycle  was  required  for 
stall  on  pitch-up. 

4.0  ASnomRIC  flow  with  sioh-slip 

The  important  flow  transitions  dis¬ 
cussed  above  for  symmetric  flows  are  equally 
important  for  asymmetric  flows  with  side¬ 
slip.  The  principle  difference  is  that 
side-slip  affects  where  and  how  these  tran¬ 
sitions  occur  and  it  causes  them  to  occur 
differently  on  the  windward  and  leeward 
wings.  This  is  best  understood  by  first 
examining  the  steady  aerodynamics  as  was 
done  above  for  symmetric  flows.  The  un¬ 
steady  aerodynamics  are  then  developed  by 
considering  the  effects  of  dynamic  lag  on 
the  steady  aerodynamics. 

4.1  Steady  Aarodyaamie  Character iaties 
with  Side-Slip 

Measurements  were  made  with  the  model 
placed  at  ±5  deg  side-slip  by  rotating  the 
turn  table  as  shown  in  Figure  1.  Steady 
normal  force,  C[j,  pitching  moment,  and 

rolling  moment,  Cj,  variations  with  a  are 
shown  in  Figure  9  for  side-slip  of  0  =  -S 
deg.  These  curves  were  constructed  from 
mean  values  of  forces  and  moments  taken  from 
low  amplitude  and/or  low  frequency  unsteady 
data  since  no  steady  side-slip  data  were 
recording  during  the  test.  For  reference, 
corresponding  results  for  symmetric  flow,  0 
-  0  deg,  are  also  shown  in  Figure  9  as 
dashed  lines. 

Similar  to  the  symmetric  data,  the 
"linear"  range  in  Figure  9  is  evident  in  the 
and  data  from  -8  deg  to  8  deg.  Beyond 
8  deg  the  development  of  vortex  flow  is  also 
seen  in  Figure  9  but  the  effect  of  side-slip 
is  indicated  by  an  earlier  (1  deg)  pltch-up 
in  the  curve  at  about  17  deg.  This  is  a 
result  of  earlier  vortex  bursting  on  the 
windward  wing.  Above  vortex  burst,  the 
developments  of  Cfj  and  C„  follow  trends 
similar  to  those  shown  for  symmetric  flow  in 
Figure  3.  The  lower  levels  for  either 
quantity  are  due  to  earlier  development  of 
vortex  bursting  on  the  windward  wing.  It  is 
also  clear  in  the  C„  curve  that  fully  sepa¬ 
rated  flow  occurs  earlier  with  side-slip. 

The  more  important  result  shown  in 
Figure  9  is  rolling  moment,  C|,  variation 
with  a.  For  ths  sign  conventions  shown  in 
Figure  2,  0  •  -5  dag  places  the  nose  right 
and  positive  C|  is  for  windward  wing  to  roll 
up.  Positive  C|  is  thsrsfore  stabilizing  for 
negative  0  sines  it  tends  to  reduce  0.  Thus, 
in  the  linear  range  up  to  a  •  8  dog,  the 
development  of  C|  with  0  is  stabilizing  as  a 
result  of  ths  windward  wing  with  lower  sweep 
sxperienoing  higher  lift  than  the  leeward 
wings  as  is  normally  expected  in  linear 
flow. 


The  devslopmant  of  vortex  flows,  begin¬ 
ning  at  about  8  dag  to  lo  deg,  signals  the 
onsst  of  a  dastablllzlng  trend  in  q.  Under 
thess  flow  conditions  the  windward  wing 
rolling  moosnt  inexsaso  with  a  is  lass  than 
that  of  the  Iseward  wing.  This  is  attribut¬ 
ed  to  (1)  a  mors  rapid  growth  of  ths  straka 
vortex  indooed  lift  inboard  on  ths  windward 


8-1 


Figure  9  Steady  Force  and  Koeent  ReeuXte 
for  Aeynetrlc  Flow 


wing  and  (2)  slower  growth  of  the  wing 
vortex  Induced  lift  outboard  on  the  windward 
wing.  The  strake  flow  fields  act  like  a 
eleple  delta  wing  In  that  lift  on  the  wind¬ 
ward  strake  Increases  with  Incidence  over 
that  on  the  leeward  strake.  The  slower 
grotrth  of  wing  vortex  Induced  lift  on  the 
outboard  windward  wing  la  believed  to  be 
caused  by  dlsplaceeant  of  that  vortex 
through  Influence  of  a  stronger  strake 
vortex  as  Indicated  by  pressure  data  In 
Reference  4. 

The  destabilising  trend  In  C|  that  began 
with  onset  of  vortex  flows  is  greatly  inten¬ 
sified  with  vortex  bursting.  This  trend  Is 
comiistont  with  highly  swept  delta  wings 
where  burst  is  initiated  on  the  windward 
wing  boeauss  of  the  lower  sweep.  Burst 
tevelopeent  on  the  windward  wing  precedes 
that  on  the  leaward  wing  and,  thus,  eain- 
taina  a  destabilising  tendency  to  roll  the 
leeward  wing  up.  This  downward  slope  con¬ 
tinues  until  about  2S  dog  where  it  abruptly 
changes  to  a  nearly  flat  ■bottoai''  or  "buck¬ 
et*.  The  ooourrmoa  of  this  "bucket"  also 


coincides  with  static  and  e  as 
noted  in  the  other  curves  shown  in  Figure  0. 
The  pressure  data  In  Reference  4  indicate 
that  the  windward  wing  Is  fully  separated  at 
about  25  deg. 

Within  the  "bucket",  the  windward  wing 
remains  essentially  unchanged  from  its  fully 
separated  condition  and  contributes  very 
little  to  the  development  of  C^,,  c^,,  and  q 
with  a.  Since  Cjj,  c^,,  and  q  are  nearly 
constant  over  the  a  range  of  the  "bucket", 
about  25  deg  to  33  deg,  the  development  of 
vortex  burst  over  the  leeward  wing  apparent¬ 
ly  has  little  effect  on  lift.  The  destabil¬ 
izing  "bucket"  Is  abruptly  terminated  start¬ 
ing  at  about  33  deg  where  the  q  curve  be¬ 
comes  stabilizing  at  37  deg.  This  is  at¬ 
tributed  to  stalling  of  the  leeward  wing. 
The  stabilizing  level  of  q  remains  nearly 
constant  from  about  40  deg  up  to  90  deg  as 
has  been  shown  in  other  tests  of  the  subject 
straked  wing  planform.* 


4.2  Onsteady  xarodymamio  Charaetarlstles 
with  Side-Slip 


The  asymmetric  iinsteady  pressures 
associated  with  the  pitching  straked  wing 
model  with  side-slip  and  how  they  relate  to 
dynamic  rolling  moments  are  presented  in 
this  section.  These  results  were  obtained 
with  the  model  dynamically  pitching  at 
turntable  positions  of  5  deg  and  -5  deg 
relative  to  the  freestream  direction.  Since 
the  pressure  instrumentation  was  located  on 
the  right  wing,  a  side-slip  of  5  deg  (nose 
left)  provided  windward  wing  pressures  and 
likewise  leeward  wing  pressures  were  ob¬ 
tained  for  a  side-slip  of  -5  deg  (nose 
right) .  The  unsteady  pressure  data  docu¬ 
mented  in  Reference  4  for  side-slip  did  not 
include  time-histories  but  only  the  first 
harmonic  and,  hence,  do  not  reveal  all  of 
the  non-linearities  present  in  the  asymmet- 
tic  flow-fields  in  the  manner  shown  in 
Figures  7  and  8.  Much  can  be  learned  from 
these  data,  however,  as  will  be  shown  in  the 
following  discussions.  For  sake  of  com¬ 
pleteness  and  ease  of  reference,  the  un¬ 
steady  non-linear  curves  for  rolling  moment, 
q,  from  Reference  8  are  repeated  here  in 
Figure  10  for  the  two  incidence  ranges  to  be 
discussed  in  this  section. 


Rolling  moment  data  are  shown  in  Figure 
10  for  the  mid-incidence  range,  a  -  8  deg  to 
36  deg,  which  encloses  both  vortex  burst  and 
stalled  tlowa  on  the  windward  and  leeward 
wings.  Results  for  the  two  frequencies, 
k  -  0.09  and  0.15,  exhibit  very  different 
dynamic  q  hysteresis  loops  as  can  be  seen  in 
the  figure.  In  steady  flow,  burst  occurs  at 
17  dog  and  stall  at  about  25  deg  to  27  deg 
on  the  windward  wing,  where  as  these  transi¬ 
tions  occur  at  about  25  deg  and  37  deg 
respectively  on  the  leeward  wing.  The 
aarodynaaic  lag  assooiatsd  with  asyaaotric 
unsteady  flows,  shifts  the  angles  at  which 
these  points  occur  in  the  same  manner  as 
occurs  in  symmetric  flows.  Thus,  the  "Fig¬ 
ure  8*  characteristics  at  k  •>  0.09  in  Figure 
10  is  an  almost  guasi-stsady  distortion  with 
siapla  lag  of  the  "bucket".  Delay  of  burst 
development  on  the  windward  wing  la  indicat¬ 
ed  by  the  slower  dsvolapsMnt  of  the  destabi¬ 
lising  trend  on  pit^-up.  It  is  also  evi¬ 
dent  that  the  windward  wing  stalls  at  ^Mut 
e„  as  indicated  by  the  dep^  of  the  dynmlc 
"bucket".  On  pitch-down,  the  leewerd  wing 
rapidly  stalls  as  indicated  by  the  return  to 
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atabla  valuaa  of  C|  and  raaaina  so  down  to 
about  30  da9  vharo  It  appaars  that  burst 
vortaa  flow  la  balng  ra-astabllshad  on  tha 
laaward  win?  aftloh  drivaa  q  unstabls. 
Anothar  "buckat*  la  foraad  by  burst  vortax 
flow  balng  ra-sstabllshad  on  tba  windward 
wing.  This  "budcat*  la  ahallewar  and  sx- 
tands  to  lowar  anglaa,  both  as  a  rasult  of 
asrodynanlo  lag.  Iha  dynaale  aachanlaa  of 
unbalanca  batwaan  windward  and  laaward  wings 
m  pltobodown  la  tha  aaaa  as  In  staady  flow 
but  is  slaply  aodlflad  by  tha  lag. 


Tha  dynaalc  C|  hystarasls  loop  In  Flgura 
10  for  k  a  0.15  is  quite  different  fron  that 
for  k  -  0.09.  This  difference  ie  attribut¬ 
ed  slaply  to  tha  leeward  wing  not  stalling 
at  a,^  as  a  result  of  higher  aerodynaalc  lag 
at  the  higher  frequency.  Justification  for 
this  hypothesis  Is  based  on  the  fact  that  C| 
does  not  return  to  the  stabilizing  values  at 
o-.,  which  is  indicative  of  stall  on  both 
wings.  Also,  the  dynaalc  C|  curve  retraces 
tha  pitch-up  curve  on  pitch-down  to  about  30 
deg  where  It  begins  to  depart  and  develops  a 
dynaalc  "bucket*  slailar  to  that  seen  for  k 
-  0.09.  This  case  will  be  exaalned  further 
with  pressure  data  after  first  discussing 
the  case  for  k  -  0.09  in  Flgura  10. 

Unsteady  first  haraonic  pressure  data 
tor  oscillation  fron  8  deg  to  36  deg  with  0 
~  S  deg  at  k  -  0.09  are  shown  in  Figure  11. 
Pressures  are  shown  at  all  four  sections  and 
consist  of  the  aean  values,  C  ,  the  in-phase 
pressures  (or  real  part)  divided  by  oscilla¬ 
tion  aaplltude,  C'  and  the  out-of-phase 
pressures  (or  iaaginary  part)  divided  by 
oscillation  aaplltude,  (^.  The  unsteady 
first  haraonic  pressure,  CL(t) ,  is  expressed 
as 


(CJ  +  icpei^Fft 


where  t  is  tine  in  seconds  and  ae  is  the 
oscillation  aaplltude  (1/2  peak-to-peak)  in 
radians.  The  sign  convention  is  C’  positive 
at  peak  angle  and  C”  positive  at  naxinun 
positive  pitch  rate.  Distributions  are 
shown  for  the  leeward  and  windward  wings  at 
iJ  •  5  deg  as  well  as  for  (J  »  0  deg.  Syabol 
definitions  are  also  shown  but  are  kept 
consistent  throughout  the  following  discus¬ 
sions. 

In  Figure  11,  it  is  clear  that  the 
rolling  aonents  will  be  higher  on  the  lee¬ 
ward  wing  as  compared  with  the  windward  wing 
and  the  syaaetric  wing  for  0-0  deg.  This 
Is  shown  1^  the  higher  suction  levels  on  the 
outboard  part  of  the  leeward  wing  which  is 
attributed  to  delayed  breiOcdown  of  the 
wing/strake  vortex  systea.  This  delay  is  a 
result  of  weakaned  coupling  between  the  two 
vortex  systeas  on  the  leeward  wing  caused  by 
(1)  a  weaker  straka  vortex  as  shown  by 
strake  pressures  at  Section  1  and  (2)  a 
stronger  but  aore  outboard  wing  vortex  as 
shown  by  higher  suction  at  Section  2  (y/2b  ■ 
0.8)  and  a  aore  outboard  "bui^"  at  Section  3 
(y/3b  s  0.7)  corresponding  to  tha  wing 
vortex.  Tha  weaker  straka  vortex  la  a 
rasult  of  higher  sweep  of  the  laaward 
straka,  81  deg  vs  76  deg,  as  is  typical  of 
slaple  delta  wings.  Tba  stronger  wing 
vortex  Is  a  result  of  a  aore  stable  vortex 
flew  over  a  45  dag  swept  leading  edge  as 
opposed  to  a  40  dag  sweep.  Tbs  hi^sr  sw^t 
outboard  panel  also  aaintains  a  greater 
separation  between  tha  wing  and  straka 
vortices  whldi  was  shown  In  tha  previous 
discussions  of  Figures  7  and  8  to  be  criti¬ 
cal  In  the  breakdown  of  this  vortex  systaa. 
Thus,  the  leeward  wing  seas  a  delayed  break¬ 
down,  weaker  straka  vortex  Induced  suction 
and  stronger  and  aore  outboard  wing  vortex 
Induced  suction  all  of  which  produca  a 
hlgtoar  rolling  noaant  as  coaparod  with  the 
windward  wing  and  tba  syaaetric  wing  for  0  - 
0  dog. 
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—  '  Leeward,  ^  “  5  Deq  —  —  —Windward,  fi  -  5  Deg  fi  m  o  Deg 

Figure  11  Asynmetrlc  Unsteady  First  Haraonic  Pressures  for  Incidence  Range 
of  8  Deg  to  36  Deg,  k  >  0.09 


The  windward  wing  pressures  in  Figure 
11  show  the  opposite  characteristics.  The 
strake  vortex  is  stronger  at  Section  1  as  it 
would  be  for  a  sinple  delta,  but  at  Section 
2  there  is  strong  evidence  of  earlier  flow 
deterioration  through  breakdown  of  the 
wlng/strake  vortex  systea.  Flatter  and 
lower  pressure  distributions  at  Sections  3 
and  4  are  indicative  of  nearly  stalled  flows 
characteristic  of  higher  incidence  ranges. 
With  few  exceptions,  all  suction  level 
distributions  on  the  windward  wing  are  lower 
than  those  for  0-0  deg.  The  wing  vortex 
foraed  on  the  39  deg  swept  leading  edge  is 
not  as  stable  as  that  on  the  45  dag  sweep. 
This  leads  to  an  earlier  breakdown  of  the 
entire  windward  wing  vortex  system  and  an 
earlier  occurrence  of  stall  as  though  the 
wing  were  placed  at  a  higher  incidence. 
This  concept  will  be  discussed  further  at  a 
later  point  on  this  section. 

At  the  higher  fraguency,  k  -  0.15, 
pressures  for  oscillation  from  8  deg  to  36 
dog  with  0-5  dag  are  shown  in  Figure  12. 
This  corresponds  to  the  higher  frequency 
case  of  C|  vs  a  in  Figure  10.  On  pitch-up, 
it  was  speculated  in  Reference  8  that  vortex 
burst  did  not  occur  on  the  leeward  wing. 


However,  the  pressure  data  in  Figure  12  are 
more  indicative  of  vortex  bursting  on  the 
leeward  wing.  It  is  now  postulated  that  (1) 
the  leeward  and  windward  wings'  vortex 
systems  burst  on  pitch-up,  (2)  the  windward 
wing  stalled  on  pitch-down  starting  at  about 
30  deg,  and  (3)  the  leeward  wing  did  not 
encounter  stall  as  was  pointed  out  in  earli¬ 
er  discussions.  The  differences  between 
leeward  wing  pressures  in  Figures  11  and  12 
are  very  subtle  and  clouded  by  the  integrat¬ 
ing  effect  of  the  first  harmonic,  however, 
they  do  point  in  the  direction  of  less 
deteriorated  flows  for  tbs  higher  frequency. 

The  windward  wing  pressures  in  Figure 
12  at  k  -  0.15  as  compared  with  Figure  11  at 
k  -  0.09  show  slightly  higher  suction  levels 
as  indicative  of  encountering  less  stalled 
flow  during  the  oscillations.  Almost  all 
levels  are  higher  at  the  higher  frequency  on 
both  the  wing  and  strake  but  again  details 
of  time  history  effects  are  obscured  by  the 
first  haraonic  integration. 

Next,  the  higher  incidence  case  is 
considered  for  which  pressure  data  are  shown 
in  Figure  13  for  oscillation  from  22  deg  to 
SO  deg  with  0-5  deg  and  k  -  0.15.  The 


. .  Leeward,  0-5  Deg  ——  —  Windward,  0-5  Dag  ^  •  0  Dog 

Figure  12  Amyaaetrio  unsteady  First  Haraonic  Pressoros  tor  laeidoaoa  Raaga 
of  ■  Dag  to  36  Dag,  k  -  o.is 
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Plgura  13  Aayaaatrlc  Unstaady  First  Raraonic  Prasatirea  for  Incidenca  Range 
of  22  Oeg  to  SO  Oeg,  k  ••  0.15 


saee  foraat  is  used  as  in  Figures  11  and  12. 
This  case  also  corresponds  to  the  C|  vs  e 
results  shown  in  Figure  10  at  the  higher 
incidence  range.  In  this  case,  the  rolling 
Bosenta  flip-flop  between  the  naxiaue  unsta¬ 
ble  condition  in  the  "bucket*  on  pltch-up 
and  slightly  unstable  condition  on  pitch- 
down.  It  la  postulated  for  this  case  that 
the  windward  wing  is  stalled  during  the 
entire  cycle  and  that  the  leeward  wing  (1) 
stalls  at  eaxlBus  Incidenca  and  renalns  so 
until  alnlima  incidence  where  (2)  it  returns 
to  burst  vortex  flow  which  is  Balntalned  up 
to  saxlsua  incidence.  The  windward  wing 
pressures  in  Figure  13  are  flat  and  very 
nearly  the  saae  level  over  the  entire  wing 
with  exception  of  Section  1  on  the  straka. 
This  characteristic  is  indicative  of  stalled 
flow  during  the  cycle.  The  leew'td  wing 
pressures  are  sore  like  those  for  -  0  deg 
and  are  indicative  of  a  cosbinatio  of  burst 
vortex  and  stalled  flows  during  the  cycle. 
This  was  shown  in  the  discussions  concerning 
Figure  6  in  synetrlc  flow. 

In  all  of  the  above  discussions,  refer¬ 
ences  have  bean  Bade  to  characteristics  on 
the  windward  or  leeward  wings  appearing  Bora 
like  characteristics  at  higher  or  lower 
incidence  ranges  respectively.  These  cob- 


parisons  can  be  Bade  directly  with  the 
pressure  data  and  parallels  drawn  between 
syBBetric  and  asyBBetric  flow-field  charac¬ 
teristics.  kn  exBBple  of  such  conparisons, 
Casa  1,  is  shown  in  Figure  14  where  leeward 
wing  pressures  tram  Figure  12  are  coBpared 
with  pressures  froB  a  syaaetric  case  for 
oscillation  at  a  lower  incidence  range  froB 
7  deg  to  31  deg.  The  idea  that  the  leeward 
wing  acts  like  it  is  at  a  lower  incidence 
range  is  clearly  supported  by  the  coBparison 
in  Figure  14.  With  exception  of  the  strake 
vortex  pressures  at  Section  1  and  inboard  of 
Section  2,  the  two  data  sets  agree  guite 
well,  especially  for  Cp  and  C^. 

A  second  coBparison  in  Figure  15,  Case 

2,  shows  the  windward  wing  pressures  frOB 
Figure  13  and  those  for  fi  •  o  deg  and  oscil¬ 
lation  froB  40  deg  to  48  deg.  The  P  ~  0  deg 
data  are  in  fully  separated  flow  during  the 
entire  cycle.  The  agreenent  of  these  pres¬ 
sures  with  windward  wing  pressures  froB 
Figure  13  verifies  the  postulation  that  for 
oscillation  froB  22  deg  to  50  deg  at  0  -  5 
deg.  the  windward  wing  is  fully  stalled. 

A  third  coBparison  in  Figure  16,  Case 

3,  shows  windward  wing  data  froB  Figure  12 
which  covers  vortex,  burst  vortex,  and 
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Flgara  14  Corralatlon  Batwaan  AiyaU  ic  Prassoras  and  ■■gulvalant"  SyaBstrio 
PraBaoras,  k  -  0.15,  Casa  l 
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2y/b  2y/b  2y/b  N/c 

Hindward,  ^  -  5  D«q,  o  »  22  -  50  Deg  - -  3  «  0  Deg,  o  -  40  -  48  Deg 


Figure  IS  Correlation  Between  Asynmetric  Pressures  and  "Equivalent*  Synetrlc 
Pressures,  k  0.15,  Case  2 


stalled  flows  during  the  oscillation  from  8 
dag  to  36  dag.  since  two  flow  transitions 
are  covered  In  this  case,  no  near  Batch  la 
possible  In  the  existing  syaaetric  data  set 
of  Reference  4.  Bounding  the  problea, 
however.  Is  possible  as  shown  in  in  Figure 
16.  An  upper  bound  is  posed  by  the  pres¬ 
sures  in  Figure  12  for  0  ~  0  deg  since 
vortex  burst  occurs  later  than  for  the 
windward  wing  and  stall  is  not  encountered. 
A  lower  bound  Is  posed  by  the  0  •  0  data 
froB  Figure  13  where  the  flow  is  either 
burst  vortex  or  stalled.  As  can  be  seen, 
the  windward  wing  data  froB  Figure  12  gener¬ 
ally  fall  near  to  or  in-between  the  bounding 
data  sets.  Thus,  even  though  the  non-linear 
effects  are  Integrated  into  the  first  har- 
Bonlc,  the  pressure  data  resulting  froB 
traversing  two  flow  transitions  can  be 
bounded  two  pressure  data  sets  that 
traverse  each  of  the  flow  transitions  sepa¬ 
rately. 


In  suBBary,  unsteady  first  harBonlc 
pressure  data  were  used  to  establish  flow- 
field  conditions  on  the  leeward  and  windward 
wings  for  the  stroked  wing  model  pitching  at 
a  side-slip  angle  of  5  deg.  In  the  low 
incidence  range  for  pitching  from  8  deg  to 
36  deg  at  k  •>  0.09,  it  was  shown  that  the 
leeward  wing  experienced  vortex,  burst 
vortex,  and  stalled  flows  similar  to  those 
that  would  exist  on  the  wing  pitching  over  a 
lower  incidence  range  in  zero  side-slip.  At 
k  -  0.15,  the  leeward  wing  did  not  experi¬ 
ence  stall  which  significantly  altered  the 
dynamic  rolling  moBent  characteristics.  The 
windward  wing  was  shown  to  encounter  vortex, 
burst  vortex  and  stalled  flows  at  both 
frequencies  and  therefore  did  not  contribute 
significantly  to  the  rolling  noment  anoma¬ 
lies.  In  the  high  incidence  range  for 
pitching  from  22  deg  to  50  deg  at  k  •  o.is, 
it  was  shown  that  the  leeward  wing  flip- 
flopped  between  burst  vortex  and  stalled 
flows  which  produced  the  flip-flop  charac¬ 
teristics  in  rolling  moaent.  The  windward 
wing  was  stalled  during  the  entire  cycle. 
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Flgura  16  carralation  Datwaan  Asyanatrlo  Brasaaraa  and  ■■gaiwalaot"  lywatrlo 
waaaaraa,  k  •  O.iS,  Caaa  3 
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5.0  COUCLUSIQNS 

This  paper  has  presented  a  discussion 
of  unsteady  pressure  and  flov-visualization 
results  froB  the  low  speed  wind  tunnel  test 
of  an  oscillating  straked  wing  model.  Th^ 
Bodei  was  oscillated  in  pitch  in  syanetric 
flow  and  in  a  yawed  plane  in  asymmetric 
flow.  The  pressure  and  flow^visualization 
data  were  used  to  provide  a  better  under^- 
standing  of  the  phenomena  observed  in  the 
aerodynamic  characteristics .  Particular 
emphasis  was  placed  on  the  nature  of  dynamic 
vortex  structure  interplay  with  the  forces 
and  moments  for  both  symmetric  and  a8yBBet«* 
ric  flows. 

Discussions  were  based  on  four 
basic  flow  regimes  identified  in  earlier 
references  as  (i)  linear,  (2)  vortex,  (3) 
burst  vortex,  and  (4)  fully  separated  or 
stalled  flows.  How  these  various  regimes 
shifted  as  a  result  of  dynamic  and/or  asym-' 
metric  effects  was  used  to  explain  the 
observed  trends  in  force  and  moment  data. 

By  simultaneously  presenting  unsteady 
pressure  and  flow-visualization  data,  it  was 
possible  to  relate  the  development  of  dynam¬ 
ic  flow-field  characteristics  with  force  and 
moment  data  trends  for  the  oscillating 
straked  wing  model.  In  the  mid- incidence 
range  of  a  *  8  deg  to  36  deg,  lag  in  vortex 
bursting  on  pitch-up  or  the  persistence  of 
vortex  burst  on  pitch-down  was  shown  to 
significantly  affect  the  pressure  distribu¬ 
tions  and  hence,  dynamic  force  and  moment 
results.  Vortex  strength  and  position  were 
also  seen  to  have  counteracting  effects  on 
pressures. 

In  the  high-incidence  range  of  a  »  22 
deg  to  SO  deg,  the  persistence  of  burst 
vortex  flows  to  angles  beyond  static  stall 
was  shown  to  be  responsible  for  significant 
dynamic  lift  overshoot  with  pitch-up.  Like¬ 
wise,  the  even  greater  persistence  of 
stalled  flows  was  shown  to  be  responsible 
for  significant  dynamic  lift  undershoot  with 
pitch-down.  Burst  vortex  flow  re-establish¬ 
ment  from  stalled  flow  took  at  least  3/8  of 
a  cycle  on  pitch-down;  but  only  a  little 
more  than  1/8  of  a  cycle  was  required  for 
stall  on  pitch-up. 

Unsteady  first  harmonic  pressure  data 
were  used  to  establish  flow-field  conditions 
on  the  leeward  and  windward  wings  for  the 
straked  wing  model  pitching  at  a  side-slip 
angle  of  5  deg.  In  the  low  incidence  range 
for  pitching  from  8  deg  to  36  deg  at  k  » 
0.09,  it  was  shown  that  the  leeward  wing 
experienced  vortex,  burst  vortex,  and 
stalled  flows  similar  to  those  that  would 
exist  on  the  wing  pitching  over  a  lower 
incidence  range  in  zero  side-slip.  At  k  * 
0.15,  ths  leeward  wing  did  not  experience 
stall  which  significantly  altered  the  dynam¬ 
ic  rolling  moment  characteristics.  The 
windward  wing  was  shown  to  encounter  vortex, 
burst  vortex  and  stalled  flows  at  both 
frequencies  and  therefore  contributed  little 
to  the  rolling  moment  anomalies. 

In  the  high  incidence  range  for  pitch¬ 
ing  from  22  deg  to  50  deg  at  k  •  0.15,  it 
was  shown  that  the  leeward  wing  flip-flopped 
between  burst  vortex  and  stalled  flows  which 
produced  the  flip-flop  characteristics  in 
rolling  moment.  The  windward  wing  was 
stalled  during  the  entire  cycle. 


Equivalence  was  demonstrated  between 
asymmetric  and  symmetric  flow-fields. 
Leeward  and  windward  wing  characteristics 
were  shown  to  be  similar  to  symmetric  char¬ 
acteristics  at  lower  and  higher  incidence 
ranges,  respectively.  This  similarity  was 
valid  as  long  as  the  respective  wing  in 
asymmetric  flow  encountered  the  same  flow- 
transitions  as  did  the  symmetric  wing  case. 
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MEASURQCNT  OF  DERIVATIVES  DUE  TO  ACCELERATION  IN  HEAVE  AND  SIDESLIP 

C.O.  O'Leary,  B.  Wai(r  and  J.M.  Walker 
Aeroqynaelcs  Oeparteent 
Royal  Aerospace  Establlsheent 
Bedford  HC41  6AE,  UK 


SUH4ARY 

Derivatives  due  to  acceleration  In 
heave  and  sideslip,  the  d  and  6  deriva¬ 
tives,  have  been  neasured  for  the  two  RAE 
High  Incidence  Research  Models,  HIRM  1  and 
HIRM  2.  Oynaalc  Masuraaents  were  also 
made  of  the  'static'  derivatives  due  to  0 
and  p  . 


The  paper  describes  the  design  of  a 
new  oscillatory  rig,  IlghtMolght  Mdals  and 
tests  In  a  loH  spaed  wind  tunnel .  Tests 
ware  eada  over  a  range  of  frequencies  and 
■odal  configurations. 

Results  showed  that,  at  high  angle- 
of-attack,  derivatives  due  to  acceler¬ 
ation  In  sideslip.  In  particular,  could  be 
large  and  varied  significantly  with  fre¬ 
quency  of  oscillation.  Effects  of  aodal 
configuration  are  also  presented.  There 
was  good  correlation  between  and 
■easurenents  of  (C^  +  Ca^)  and  C^q 
froa  other  rigs.  Oynaalc  effects  on 
derivatives  due  to  sideslip  angle,  Cm 
and  Ci0  ware  significant.  ^ 


LIST  OF  SYWOlS 

b  wing  span,  ■ 

2  aaro4ynaa1c  aean  chord,  ■ 

Ct  rolling  aQaent  coefficient 
rolling  aoaant/qSb 

Cg  pitching  aaaant  coefficient 
pitching  aoaant/qs! 

Cn  yawing  aoaant  coefficient 

yawing  aoaent/qSb 

Cg  noraal  force  coefficient 

noraal  forca/qs 

q  dtynaalc  pressure,  Nfa^ 

q  rate  of  pitch,  rad/s 

r  rata  of  yaw,  rad/s 

V  wind  spaed,  a/s 

a  ang1a-of -attack,  rad  or  deg 

9  ang1e-ef-s1dHl1p,  rad  or  deg 

Sf  flap  angle,  dag 

lie  feraplana  angle,  dag 


nt 

tall plane  angle,  deg 

u 

circular  frequency, 

frequency  paraneter 
U2/2V 

% 

frequency  paraneter 
tests,  (i)b/2V 

Derivatives: 

% 

acj/ae 

ac,/aD 

•^ne 

8c„/ae 

9c^/aa 

acj/a(&b/2v) 

8c,/3(oe/2V) 

ac„/8(»>/2v) 

ac„/3(dc/2V) 

"^Nq 

ac^/3(q2/2V) 

3c,/3(qc/2V) 

Cnr 

3c„/a(rb/2V) 

Clr 

3Cj/3(rb/2V) 

rad/s 

for  heave  tests. 


for  sideslip 


Abbreviations: 

ADR  Acceleration  Derivative  Rig 
FSR  Flexible  Sting  Rig 

WA  Whirling  Am 


1  INTRODUCTION 

Up  to  the  early  1950's  It  had 
generally  bean  considered  that  derivatives 
due  to  acceleration  In  heave  and  sideslip, 
1e  rate  of  change  of  angle-of-attgck  (d) 
and  rate-of -change  of  sideslip  (0)  ,  ware 
not  of  great  significance  In  detemlnlng 
notion  characteristics  as  coqparad  with  the 
corresponding  derivatives  due  to  pitch  and 
yaw  rates  (q  and  r),  an  axcaptlon  being  the 
downwash  lag  effect  on  pitching  eceent 
(Cnd)  0*1  tailed  aircraft.  With  the  advent 
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Of  swept  and  delta  wings  It  bacaae  apparent 
that  the  ^  derivatives  In  particular  ware 
significant  In  the  prediction  of  lateral- 
directional  stability  characteristics  at 
high  angle-of -attack.  Atteapts  ware  Bade 
to  eeasure  0  derivatives  In  wind  tunnels 
with  soaa  success*-*'’*  but  these  early 
Innovative  tests  in  the  1950's  ware  not 
continued  because  of  the  belief  that  future 
coebat  aircraft  would  bo  stand-off  elsslla 
launchers  with  no  raqui resent  for 
■anoeuvring  at  high  angle-of -attack.  In 
later  years  there  was  renewed  Interest  In 

0  derivatives*-'  and  It  was  concluded' 
that  for  swept  and  delta  wing  aircraft  at 

high  angla-of-attack  the  0  derivatives 
ware  large  and  significant.  Since  it  Is 
not  possible  to  separata  the  effects  of  yaw 

rata  and  sideslip  rata  (r  and  0)  in  con¬ 
ventional  rotary  forced-oscillation  tests, 
soaa  aatheaatical  aodals  use  the  coablned 
derivatives  such  as  (Cnr  -  cosQ)  and 

these  usually  give  reasonable  kgraaewnt 
between  actual  and  predicted  flight  charac¬ 
teristics*.  However,  this  approxtaatlon 
nay  not  be  appropriate  In  all  cases.  In 
Ref  5  It  Is  stated  that  the  ‘use  of  rotary 
forced  oscillation  data  to  represent 
derivatives  due  to  pure  angular  rates  Is 
erroneous  at  high  angles-of-attack*.  While 
this  Bay  be  a  rather  sweeping  stateaent, 

since  0  effects  would  also  be  dependent 
on  aanoeuvre  and  configuration,  there  1$  an 

obvious  need  to  detaralne  a  and  0 
derivatives  to  laprove  the  prediction  of 
aircraft  flight  characteristics.  It  aay  be 
possible  to  calculate  approxiaate  values 
using  flow-fleld-lag  theory*  but 
reliability  Is  questionable.  A  saall- 
aaplltude  oscillatory  rig  Is  an  obvious 
experlaental  aethod. 


At  RAE  Bedford  a  aultl-daoree-of- 
freedoa  oscillatory  rig  or  Flexible  Sting 
Rig'’  (FSR)  has  been  developed  and  operated 
over  aany  years.  Rotary  derivatives  are 
routinely  aeasured  and  although  aodals  are 
oscillated  In  heave  and  sideslip,  deriva¬ 
tives  due  to  a  and  0  are  not  accurately 
dateralned  due  to  aasklno  by  Inertial 
affects  froa  the  conventional,  rather 
heavy,  wind-tunnel  aodals  tested  on  the 
rig.  However,  with  the  developaent  of  new 
aodal  construction  techniques  using  strong, 
lightweight  aaterlals.  It  becaaa  possible 
to  Bake  coabat  aircraft  aodals  of  span 
1-1.5  a,  weighing  less  than  6  kg  but  able 
to  sustain  a  noraal  force  of  1000  N.  Since 
the  oscillation  frequency  could  not  be 
varied  on  the  aalsting  oscillatory  rig, 
(which  was  anyway  unsuitable  for  bMting 
lightweight  aodals),  a  new  Inexorable  rig 
was  designed  for  tno  asasursawnt  of  deriva¬ 
tives  due  acceleration  In  heave  and 
sideslip. 

This  Mer  describes  the  design  of 
the  rig,  balance  and  aodals,  and  the 
Initial  tests  aada  on  two  raprosantatlve 
coabat  aircraft  aodals.  Results  are 


presented  on  the  effects  of  freouency  and 
configuration  and  are  correlated  with  data 
froa  other  sources. 

2  DESIGN  CONSIDERATIONS 

In  designing  the  rig  there  were  two 
aaln  objectives: 

1.  For  optiBUB  accuracy  of  aeasure- 
aent  It  was  necessary  to  aaxialse  the 
ratio  of  aarodynaalc  to  Inertial 
forces  acting  on  the  balance. 

2.  To  allow  tests  over  a  range  of 
frequency  paraaeter,  the  rig  required 
a  support  structure  of  high  rigidity. 
The  active  coaponents  of  the  rig  also 
needed  to  be  of  high  stiffness/weight 
ratio  so  that  the  lowest  natural  fre¬ 
quency  of  the  rig  was  significantly 
higher  than  the  naxlaua  oscillation 
frequency. 

The  first  objective  could  only  be 
attained  by  use  of  purpose-built  light 
BOdels.  Conventional  wind-tunnel  aodels 
were  unsuitable.  Fortuitously,  light 
aodels  of  the  HIRM  1  and  HIRM  2,  had  been 
built  for  tests  on  a  Whirling  Ana  (WA) 
facility.  These  aodels  have  wing  spans  of 
approxlaately  1.2  a  and  a  aass  of  only 
6  kg,  coapared  with  60  kg  for  the  saae  size 
conventional  aodels.  Naturally,  strength 
of  the  aodal  was  Halted  by  the  construc¬ 
tion  aethod  and  aaterlals  used,  but  for  low 
speed  tests  the  noraal  force  Halt  of 
1000  N  was  sufficient.  The  aodel  was 
designed  for  sting  aountlng  with  accoa- 
Bodatlon  for  a  strain  gauge  balance,  which 
suited  the  present  application. 

A  rigid  support  structure  In  the  fora 
of  twin  quadrants  (Fig  1)  Is  a  feature  of 
the  13ft  X  9ft  Low  Speed  Wind  Tunnel  at  RAE 
Bedford  and  suited  the  requlreaents  of  the 
present  rig.  Design  of  the  sting  and 
balance,  the  oscillating  aechanlsa  and  the 
choice  of  power  source  required  aost 
consideration. 

Existing  strain  gauge  balances  were 
not  sufficiently  sensitive  for  aeasureaent 
of  aodel  loads  at  the  relatively  low  wind 
speeds  envisaged  (>  30  a/s)  .  The  appli¬ 
cation  called  for  a  light,  sensitive  five- 
coaponent  balance  (axial  force  excluded). 
The  requiraaent  for  the  sting  was  for  low 
BBSS  and  high  stiffness  to  ainlalse  deflec¬ 
tion  under  Inertial  and  aarodynaalc 
loading. 

To  obtain  the  required  aaplltudes  of 
angla-of-attack  and  sideslip  (12*)  the 
specification  for  aapHtuda  and  frequency 
of  notion  was  ±50  Ml  at  4  Hz  and  130  ■*  at 
6  Hz.  The  test  angle-of -attack  range  was 
specified  as  0*  to  40*.  It  becaaa  apparent 
that  the  aost  practicable  aethod  of 
satisfying  these  requlreaents  was  to  aount 
a  rotary  power  source  on  the  sting  carriage 
and  aachanically  convert  the  rotary  notion 
Into  linear  oscillatory  aotlon.  The  aost 
appropriate,  and  available,  power  source 
was  a  hydraulic  notor,  since  It  was  rela¬ 
tively  ceapact  and  the  puip  could  be  accon- 
aodated  outside  the  wind-tunnel  working 
section. 
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A  dMcrlpttoit  of  tiM  Accoloratlon 
Oorivativo  Rig  (AOR),  rtsuUIng  froa  ttM 
abova  ragulraMtits.  Is  givan  In  tha 
folloMlng  sactlon. 

3  DESCRIPTION  OF  RIG  ANO  DATA 

ACQUISITION  SYSTEM 

Tha  Min  coi^onant  of  tha  rig.  shown 
In  Figs  1  and  2.  Is  a  nodal  support  sting 
which  can  ba  osclliatad  In  haava  or 
sidasllp.  Forcas  acting  on  tha  aodal  ara 
aaasurad  by  a  strain  gauga  balanca  which  is 
Intagral  to  tha  sting.  Tha  flarad  down- 
straaa  and  of  tha  sting  Is  aountad  on  a 
swinging  ara  assaiN>1y  which  eonvarts  a 
rotational  shaft  driva  to  translational 
haraonic  notion  usiM  a  'scotch  yoka' 
slldar-ln-a-slot  aacnanisa  shown  In  Fig  2. 
AigtHtuda  of  tha  notion  Is  varlod  by 
adjusting  tha  throw  of  tha  slldar  within  a 
Halt  of  ISO  an.  Tha  slot  Is  alignad  In 
tha  horizontal  plana  for  haava  notion  and 
In  tha  vartical  plana  for  sidaslipping 
notion.  Changa  of  allgnnant  Is 
accoapllshad  by  rotating  tha  whola  swinging 
am  assaably  tfirough  M*.  Tha  slaava 
nounting  for  tha  swinging  ams  fits  evar 
tha  shaft  housing  and  Is  bottad  to  tha 
housing  In  althar  of  tha  two  positions. 

The  shaft  Is  drivan  by  a  hydraulic  notor 
whosa  spaad  Is  control  lad  by  a  sarvo  vatva. 
Maxinun  oscillation  fra<|uanc1as  ara  4  Hz  at 
an  a^)l1tuda  of  SO  M  and  6  Hz  at  30  m 
asplltuda.  A  hydraulic  powar  pack, 
situatad  outsida  tha  working  sactlon  of  tha 
tunnal,  supptlas  tha  notor  with  fluid  at 
ISOO  psi  prassura  via  a  rigid  pipa  and 
swlvai  joint  linkaga  as  shown  In  Fig  1. 

Tha  whola  assaatly  is  nountad  on  a  carriage 
which  Is  traversed  along  tha  twin  sivport 
quadrants  to  vary  nodal  ang1a<of -attack. 

For  tha  currant  lasts  angla-of -attack  was 
llnltad  to  42*. 

Modal  notion  is  naasurad  with  an 
accalaronatar  In  tha  nodal,  tha  sansitivo 
axis  being  alignad  in  the  appropriate 
direction  for  the  test.  Tha  signal  Is  also 
used  to  cancel  outputs  of  tha  strain  gauga 
balanca  due  to  Inertial  loading. 

The  data  acquisition  systan  Is  slnl- 
lar  to  that  used  mr  FSR  tests'’.  Strain 
gauga  balance  and  accalaroMter  signals  ara 
aapTiflad  and  flltarad  using  Mtchad  20  Hz 
filters.  In  addition,  phaso  lags  ara 
Introduced  In  tha  strain  gauge  signals  so 
as  to  Mtch  the  accalaronatar  to  batter 
than  0.2*  over  tha  frequency  range  of  tha 
tests.  Interactions  are  ollninatad  within 
a  signal  nixing  unit.  Aftar  conversion  to 
digital  fom  tha  In-phase  and  1n-^dratura 
conponants  of  tha  signals  ara  dttamlnad 
using  a  discrota  Fourier  transfom  and  tha 
conponants  ara  nomallsad  with  respect  to 
tha  rafaranca  accalaroMtar  signal. 

4  DESCRIPTION  OF  MOOEIS 

Ganaral  arranganants  of  HIRM  1  and 
HIRH  2  ara  shown  In  Figs  3  and  4  raspac- 
tlvaly.  HIRM  1  Is  a  tfran-surfaca  con¬ 
figuration  with  a  wing  of  sivarcritleal 
section  and  control  sarfacos  of  synnntrical 
sactlon.  Tha  wing  landing  aciga  Is  sw^  at 
42*  and  droopod  at  20*  for  thnso  high 
angla-of -attack  tasts.  HIRM  2  Is  typical 
of  a  delta-canard  aglla  fighter  with  a  wing 


leading  adga  swaap  of  58*.  Flaparons  shown 
wara  sat  at  zero  for  these  tasts.  Both 
nodals  have  a  rectangular  sactlon  fusalaga 
with  roundad  comers  which  blands  Into  a 
circular  sactlon  nosa  forward  of  tha 
foraplanas.  Principal  dinanslons  and 
noMnt  rafaranca  centres  ara  given  In 
Figs  3  and  4. 

Tha  nodals  wara  Mhufacturad  fron 
lightweight  Mtarlals,  principally  a  closa- 
caTl  foaa  with  an  axtarnal  skin  consisting 
of  a  fibre-glass  'serin'  of  thickness 
varying  batwaan  0.2  m  and  0.4  m.  The 
balanca  housing  Is  a  thin-walled  aluninlun 
tuba.  Control  surface  settings  ara 
discretely  adjustable.  Each  nodal  weighs 
lass  than  6  kg. 

5  METHOD  OF  TEST 

Bafora  tasting  In  tha  wind  tunnal, 
tha  accalaronatar  was  calibrated  dynMl- 
calty  against  a  Mstar  instninont  on  a 
platfom  drivan  by  an  alactro-MgnatIc 
vibrator.  Tha  calibration  factor  was 
chackad  over  a  range  of  fraquanclas  and 
a^>l1tudas.  Tha  strain  gauge  balanca  was 
callbratad  by  static  loading  In  tha  usual 
way  and  flrsl  order  balance  Interactions 
ware  ranoved. 

With  tha  nodal  fitted  to  tha  balance, 
signals  dua  to  Inertial  loading  were 
cancelled,  wind  off,  at  the  raquirad  test 
fraquanclas  and  aaplltudas  using  tha 
accalaroMtar  tare  controls  on  tha  nixing 
unit.  For  tha  actual  tasts,  wind-on  data 
was  further  corrected  by  subtracting 
rasIdUal  wind-off  signals  at  tha  saM  fre¬ 
quency  and  aaplltuda.  Maxlnun  angular 
Mf  I  action  of  the  nodal  dua  to  sting 
banding  was  0.2*  at  4  Hz,  ±50  m  anplltuda. 

Aagilltuda  of  oscillation  was  set 
Mnually  by  adjusting  tha  throw  on  tha 
slldar,  and  frequency  was  sat  by  adjusting 
tha  spM  of  tha  hydraulic  notor  to  the 
raquirad  value. 

HIRM  1  and  HIRM  2  were  both  tastad  In 
tha  hMVIng  and  sideslipping  nodas  for  a 
range  of  fraquanclas,  aaplltudas  and  nodal 
configurations.  However,  Mst  of  tha 
rasuUs  presented  In  this  paper  ara  United 
to  thma  fraquanclas  at  naxinua  aaplltuda. 
The  lowest  hNva  and  sideslip  frequency 
paraMtars  wara  sinllar  to  those  of  tha 
short  period  and  dutch  roll  oscillations  of 
a  typical  coWbat  aircraft.  Hind  spaads, 
datamlnad  by  strength  llnitatlons  of  tha 
rig  and  nodals,  wara  25  a/s  for  tha  hNva 
tasts  and  30  n/s  for  sideslipping  tasts. 
Reynolds  nuiAar,  based  on  aaroUynMic  aMn 
^lord,  was  approxlMtaly  one  all  lion. 
Transition  trips  wara  not  used  on  althar 
nodal.  Tha  noTMlIsad  In-Phata  and  1n- 
quadratura  eoMonants  of  tha  signals  wars 
convsrtad  to  osrivativas,  In  bov  sxas, 
using  tha  aporaprlats  calibration  factors 
and  fraquanclas  as  shown  in  tha  Appsndix. 
Although  all  fiva  balanca  signals  wara 
raoordsd  for  both  Iwavlng  and  sideslipping 
tasts,  rasults  am  praMotad  only  for  nor- 
Ml  force  and  pltdilna  Hpant  In  tha 
hMvIng  wda.  and  yannn  MHnt  and  railing 
nensnt  In  tha  stdnsllaping  nods.  Bata  for 
cross  eeuplinn  darivativas  havs  not,  as 
yat,  bsan  analysad. 
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Sine*  ttM  rasult*  twra  to  bo  corro- 
latod  with  results  fros  tests  with  the  FSR 
no  ettMpt  MS  Mde  to  Include  the  still 
air  daMptno,  or  'virtual  Inertia',  In  the 
eeasuraaMnts  by  shrouding  the  Mdal  for 
wind-off  tests.  This  eay  be  Included  In 
future  tests. 

6  RESULTS  AND  DISCUSSION 


Effects  of  fre 


Effects  of  frequency  on  the  noraal 
force  and  pitching  Meant  derivatives  due 
to  d  ,  CnA  ond  CbA  are  shown  In  Fig  5 
for  HIRM  1. 


Results  are  presented  for  frequencies 
of  2  Hz,  3  Hz  and  4  Hz  giving  frequency 
paraeaters,  u!/2V)  of  0.097,  0.145 

and  0.194.  Aaplltude  of  oscillation  was 
150  ea.  In  tares  of  perturbation  In  angle- 
of-attack,  the  aaplltudas  were  11.5*,  l2.2* 
and  12.9*  respectively. 


At  angles-of -attack  up  to  16*  both 
the  d  derivatives  are  seall  for  all  fre¬ 
quencies  but  at  higher  angles-of -attack  the 
effect  of  frequency  Is  significant.  For 
iV  •  0.097  there  are  significant  excur¬ 
sions  froe  zero  which  are  progressively 
dialnished  as  frequency  Increases  to  . 

Oc  •  0.145  and  0.194.  Previous  tests' 
have  shown  that  flow  separates  on  part  of 
the  wing  surface  at  0  >  17*  and  the 
effect  of  the  transition  phase  to  fully 
stalled  flow  Is  evident  on  both  derivatives 
for  17*  <  a  <  25*  .  Thera  are  also 
Increases  In  Honltude  at  the  highest 
angles-of -attack  tasted.  The  Mgnltudo  of 
these  derivatives  depends  on  the  lag  In  the 
developeent  of  lift  on  the  foreplana,  wing 
and  tall pi  ana  as  angle-of -attack  varies  and 
Cnd  .  In  particular,  will  also  be 
Influenced  by  the  lag  In  downwash  at  the 
tall.  As  shown  In  Fig  5,  these  effects  are 
reduced  as  frequency  Is  Increased. 

Effects  on  the  longitudinal  'static' 
derivatives,  Cng  and  Cmi  .  are  also 
shown  In  Fig  S.  Increasing  frequency 
causes  SOM  reduction  In  C|gi  and  a  posi¬ 
tive  shift  In  Can  .  Again,  sharp  changes 
In  eagnltude  for  16*  <  a  <  20*  dialnish 
as  frequency  Increases. 


vortex  flow  over  the  wings  due  to  0  and 
secondly,  there  Is  a  lag  of  sidawash  at  the 
fin.  It  Is  probable  that  the  fonMr  Is  the 
■ajor  contributor  to  while  the 
latter  has  MSt  effect  on  C|^  .  The 
effects  of  configuration  will  be  addressed 
Mre  fully  In  a  later  section.  It  Is  again 
apparent  that,  as  for  the  a  derivatives. 
Increase  In  frequency  dielnlshes  the 
effects  of  8  ,  as  found  In  previous  work' 
at  slellar  frequency  paraMters. 


Effects  of  frequency  on  the  direc¬ 
tional  and  lateral  'static'  derivatives 
C,M  And  Cig  for  HIRM  2  are  also  signifi¬ 
cant  (Fig  6);  Up  to  a  ==  30*  directional 
stability  CiM  Is  reduced  by  Increasing 
frequency,  approxiMtaly  40t  reduction 
between  values  for  highest  and  lowest  fre¬ 
quencies  at  a  ■  0*  .  For  32*  <  d  <  38* 
the  negative  excursion  In  Cm  Is  greater 
at  low  frequency.  When  the  Mdel  was 
tested  with  the  fin  off  (not  presented) 
there  was  negligible  frequency  effect  on 
Cm  at  low  a  ,  Indicating  that  Increasing 
frequency  reduces  fin  effectiveness.  Early 
NASA  testsi  on  a  60*  sweep  delta  Mdel 
showed  that  Cm  was  at  a  uxIm*  for 
{^==0.12.  The  lateral  stability  deriva¬ 
tive  Cig  Is  not  affected  by  frequency  at 
low  angle-of-attack  but  for  a  >  28*  there 
Is  a  Mjch  greater  loss  In  stability  (Mre 
positive)  at  lower  frequency.  Slallar 
effects  Mre  noted  In  the  work  of  Ref  2. 

The  effect  of  aiolltude  at  a  coMon 
frequency  Is  shown  In  Fig  7,  for  the 
derivatives  CgA  (HIRM  1),  Cm  and  Cij 
(HIRM  2).  Results  are  shown  for  aaplltudes 
of  30  M  (Sa  •  11.7*)  and  50  M 
(Sd  •  12.9*)  at  %  »  0.194  for  C,ci 
and  •  0.465  for  the  lateral  deriva¬ 
tives.  In  each  case  the  effect  of  a^H- 
tude  Is  sMil.  For  aapHtudes  lass  than 
30  M  aeasureawnt  accuracy  was  degraded. 
Except  for  Fig  7,  all  results  presented  In 
the  paper  relate  to  50  m  aaplltude. 


Effects  of  config 


6.2.1  Effects  of  foreplanes  on  d  deriva¬ 
tives  for  HIRM  2 


Effects  of  frequency  on  the  lateral 
derivatives  C|^  ,  Ci^  ,  Cf^  and  Ci^  for 

the  canard-configured  HIRM  2  are  shown  In 
Fig  6.  As  for  the  heave  tests,  oscillation 
aaplltude  ms  50  m  and  results  are  pre¬ 
sented  for  frequency  parSMtars 
%  (•  tt/2V)  of  0.233,  C.349  and  0.465. 
Corresponding  angle-ef-sidtsllp  sMlItudes 
were  11.5*,  ±2.2'  and  12.9*. 

Up  to  d  •  25*  the  0  derivatives 
are  ralatIvely.SMil  with  little  frequency 
effect.  For  •  0.233  there  are  than 
rapid  Increases  in  both  derivatives  but 
lnc:eatas  are  progressively  less  at  the 
hIgliM  fraigimles.  It  Is  prab*1e  that 
there  are  two  Min  contribatlens  to  these 
darlvatlvas:  firstly,  thMS  Is  a  lag  In  the 


The  effect  of  the  presence  of  fore¬ 
planes  on  C)((|  and  Chq  Is  shown  In  Fig  8 
for  (k  •  0.14  .  For  angles-of-attack  up 
to  d  •  28*  ,  CmA  Is  smII  and  negative 
with  and  without  foreplanos,  but  for 
28’  <  d  <  42*  the  derivative  Is  relatively 
large  and  positive,  with  som  reduction  due 
to  the  presence  of  foreplanos.  With 
foraplanes  on,  Cag  Is  positive  at  low  d 
(as  for  HIRM  1,  Fig  5)  but  for  d  >  28*  , 
when  C||g  becoMs  large,  there  Is  a 
significant  shift  to  negative  values  which 
Is  Increased  by  the  rsMval  of  foraplanes. 
Also  notlcaeble  Is  a  positive  SKCurslen  In 


9-5 


C|d  at  a  o  19*  which  Is  only  prosont  with 
foroplanos  on.  Ovorall,  foraplaiws  tend  to 
raduco  d  affacts  on  HIRM  2. 

6.2.2  Effact  of  foraolanas  on  B  darlva- 
tlvas  for  Hint  2 

Tha  affact  of  foraplanos  on  C|^ 
and  Ci0  Is  shown  In  Fig  9  for 
•  0.233  .  Up  to  0  -  25*  C,^  Is 
constant  at  about  0.1  for  both  configur¬ 
ations  but  Incraasbs  rapidly  with  a  to 
roach  a  paak  of  0.8,  foraplanos  on, 
a  S'  36*  .  With  foraplanos  off  thare  Is  a 
substantial  Incraasa  In  Cn^  for  a  >  16*. 
fronds  In  tha  variation  of  C\^  ara  simi¬ 
lar  with  a  rapid  Incraasa  In  aagnltuda  as 
a  Incraasas  bayond  25*.  Kara  again 
foraplanos  hava  tha  affact  of  reducing  tha 
aagnltuda  of  tha  darivativo  at  high  angle- 
of-attack.  A  possible  explanation  for 
thasa  affacts  Is  that  tha  foraplana  wakes 
reduce  tha  lateral  flow  lag  through 
Interaction  with  the  wing  vortices. 

6.2.3  Effect  of  fin  on  6  derivatives  for 
HIRM  2 

As  shown  In  Fig  10,  tha  fin  aakas  a 
aajor  contribution  to  .  Thera  Is  a 
saall  positive  Incraaant  due  to  the  fin  at 
low  a  ,  but  for  a  >  25*  Cm  It  aarkadly 
Increased  when  the  fin  Is  on.^  In  contrast 
there  Is  little  fin  affact  on  Cig  ,  where 

the  magnitude  of  both  fin-on  and  fin-off 
maasuramants  ara  small  at  low  a  but 
Increase  rapidly  for  a  >  28*  .  These 
results  suggest  that  lag  of  sidewash  over 
the  fin  Is  tha  major  source  of  C|^  but 
translational  flow  lag  affacts  on  tha 
wings,  unaffected  by  tha  presence  of  the 
fin,  causa  large  Incraasas  In  -C13  at 
high  a  . 

6.3  Comparison  with  static  and  other 

oscillatory  data 

6.3.1  Oarivativas  due  to  a  and  6 

Accal oration  Oarlvatlva  Rig  (ADR) 
maasuramants  of  Cun  and  Can  for  HIRM  1 
ara  compared  with  results  from  static  and 
oscillatory  tests  In  Fig  11.  Tha  latter 
ware  obtained  with  tha  pSR  which  Is 
routinely  used  to  maasura  derivatives  at 
RAE'',*  .  With  this  rig  tha  darlvatlvos 
were  datamlnad  from  a  pitching  oscil¬ 
lation,  as  opposed  to  a  heaving  oscillation 
In  ADR  tests.  In  tha  case  of  the  ADR  and 
FSR  rasults,  coMerlsons  ara  made  for  simi¬ 
lar  values  of  .  'Static'  Cm  and 
Cm  wara  datarmlnad  from  the  slopes  of 
Cn  and  Ca  against  angla-of-attack.  All 
tests  ware  made  at  a  similar  Reynolds 
nwt)ar.  Thare  Is  reasonable  agraaaant 
between  tha  three  sets  of  results  for 
a  <  20*  but  at  high  0  tha  ADR  maasura- 
mant  of  Cm  Is  graatar.  In  pitching 


tests  with  tha  FSR,  Cm  ‘"d  Cm  Are 
measured  as  In-phaso  tarns  whereas  In  tests 
with  tha  ADR  thmy  ara  naasurad  as  1n- 
quadratura  tanas  during  heaving  notion. 

Thus  tha  maasuramants  ara  made  In  different 
kinematic  statas.  At  high  angla-of-attack, 
tha  prasanca  of  largo  areas  of  separated 
flow  may  hava  ilynanlc  effects  which  could 
causa  the  apparent  discrepancies  between 
tha  different  sets  of  data. 

Corresponding  comparisons  are  made 
for  tha  lateral  derivatives  Cm  and  Cja 
of  HIRM  2  In  Fig  12.  Thera  Is  reasonable*^ 
agraemant  batwaan  tha  three  sets  of  rasults 
for  C|^  except  that  ADR  rasults  Indicate 

graatar  directional  Instability  (more  naga- 
tlva)  for  28*  <  a  <  35*  .  Differences  In 
neasuremants  of  Cig  ara  more  dramatic. 
Sideslip  frequency  has  a  major  affect  on 
tha  magnitude  of  this  derivative  at 
high  a  ,  as  discussed  In  section  6.1  and 
shown  again  In  Fig  12.  However,  tha  loss 
In  lateral  stability,  la  a  positive  shift 
In  Cig  ,  Is  much  lass  according  to  FSR 

rasults  at  a  similar  value  of  0  .  Rasults 
from  static  tasts  agree  fairly  closely  with 
ADR  rasults  for  the  lowest  frequency, 

■  0.233  but  ara  lass  negative  than  FSR 
data,  a  feature  which  was  noticed  In  pre¬ 
vious  tests  on  a  swept  wing  modal*.  The 
kinematics  of  FSR  and  ADR  lateral  tasts  Is 
similar  to  longitudinal  tasts  so  that  Cm 
and  Cjp  are  naasurad  as  In-phase  terms  ^ 

during  yawing  oscillations  with  tha  FSR  and 
as  In-quadrature  terms  In  a  sideslipping 
oscillation  with  tha  ADR.  Tha  results  In 
Fig  12  Indicate  that  thare  Is  a  strong 
dynamic  affact  on  Cip  at  high  angla-of- 
attack  and  also  that'Masuromant  technique 
Is  significant. 

6.3.2  Derivatives  due  to  a  and  8 

Cm  For  HIRM  1  Is  conparad  with 
(Cmq  +  cm)  From  FSR  tasts  and  Cpq  from 
HA  tastsi*  In  Fig  13.  In  a  HA  test  the 
modal  Is  fixed  to  tha  and  of  a  baam  and 
whirled  about  a  horizontal  axis.  Tha 
nodal  travels  In  a  static  annular  test 
channal,  wings  In  tha  vertical  plane.  Such 
a  tast  allows  noasuremant  of  forces  due  to 
rata  of  pitch  only  as  opposed  to  a  rotary 
pitching  tast  In  a  wind  tunnal  (FSR)  where 
forces  due  to  q  and  A  cannot  be 
saparatad.  Tha  naasurmNnts  shew  that  C^q 
Is  fairly  constant  at  approximately  -6  up 
to  tha  highest  tast  angla-of-attack  of  28* 
and  tha  fluctuations  In  (C^q  *  Cm)  For 
0  >  16*  ara  due  to  variation  In  Cm  ■ 


For  HIRM  2,  tha  dam1ng-1n-yaw 
derivative  (Cpr  -C|^  cos  0)  and  tha  cross 

damping  (Cir  -Ci^  cos  a)  from  FSR  tasts“ 
ara  compared.  In  Fig  14,  with  C|^  cos  a 
and  Ci^  cos  a  raspoctlvaly  from  ADR 
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t«st$.  TIMS*  coaparlsons  suggest  that  at 

low  and  aodarat*  a  th*  0  tervs 
constitut*  up  to  on*  third  of  th*  coiblned 
derivatives  Mt  at  high  0  .  say  0  >  30*. 
the  0  ten*  Is  perhaps  90t  of  th*  total. 
Cnr  ond  Cxr  can  also  be  Measured  on  th* 
HA  but  results  for  HIRM  2  are  not  yet 
available. 


In  Baking  these  copparlsons  It  aust 
be  recognised  that,  as  for  a  and  0 
derivatives,  th*  corttlned  derivatives  were 
obtained  froa  pitching  and  yaulng  oscil¬ 
lation  tests  Mhereas  a  and  0  teras  were 
Measured  during  heaving  and  sideslipping 
oscillations.  Also,  a  HA  test  Is  roughly 
equivalent  to  a  static  wind-tunnel  test. 

Hom  these  differences  In  klneaatlcs  aay 
Influence  th*  derivatives  Is  open  to  con^ 
Jectur*.  The  aagnltud*  of  th*  d  and  0 
derivatives  at  high  angle-of -attack  has 
lapllcatlons  for  th*  aatheaatlcal  Models 
used  for  prediction  of  flight  charac¬ 
teristics  and  for  Identification  of  deriva¬ 
tives  froa  flight  responses.  A  systaaatic 
Investigation*  of  these  effects  srmwed  that 
there  were  large  differences  In  the  lateral 

stability  characteristics  when  0  teras 
were  Ignored  and  '...derivative  extraction 
at  h1gn<ang1*-of -attack  produced  erroneous 
values  for  th*  lateral-directional  stab¬ 
ility  derivatives  at  conditions  where  th* 

0  derivatives  are  large.* 


7  CONCLUSIONS 

1.  Tests  have  been  aad*  to  Measure 
th*  acceleration  derivatives  of 
two  coabat  aircraft  configur¬ 
ations  at  ang1*s-of -attack  up 
to  42* i 

2.  At  high  angles-of -attack, 
generally  0  >  30*  ,  these 
derivatives  could  be  large. 
Frequency  paraaater  had  a  strong 
effect. 

3.  The  fin  aad*  a  Major  contribution 
to  th*  derivative  Cnp  . 

4.  Derivatives  due  to  a  and  0  , 
Measured  with  th*  ADR,  were  coa- 
pared  with  results  froa  static 
tests  and  tests  with  th*  FSR. 

Th*  caeparlsons  indicated  that 
there  were  significant  dynaalc 
effects  on  those  'static  deriva¬ 
tives,  especially  on  Cig  . 

5.  There  was  g^  correlation 
between  Cgg  ,  (C^q  +  Cga)  . 
and  Cgq  as  aaasured  by  th*  ADR, 
FSR  andW  respectively. 
Coaparlson  of  C(^  cos  a  and 

C]^  cos  a  with  (Cnr 
and  (Cir  cos  a) 
respectively,  indicated  that 


at  high  ang1*-of -attack  th*  0 
teras  war*  doalnant. 

6.  The  Magnitudes  of  acceleration 
dr-1vat1v*s  at  high  angle-of- 
attack  Is  such  that  serious  con¬ 
sideration  should  be  given  to 
their  inclusion  In  aatheaatlcal 
Bodels  of  coifcat  aircraft. 

APPENDIX 

Oeteral nation  of  derivatives  froa  test  data 

Signals  In  volts  are: 

M  •  pitching  Boaent 
-Z  •  noraal  force 
N  •  yawing  aoaent 
L  •  rolling  aoaent 
A  •  acceleroaeter 

Subscripts  'ph'  and  'qd'  refer  to  In- 
phase  and  In-quadrature  coaponents 
respectively. 

Other  paraaeters  needed  for  reduction 
to  aerodynaalc  derivatives  are: 

k(w1th  suffix)  •  calibration  constant 

U  •  circular  frequency 
of  oscillation 
(rad/ sec) 

V  •  wind  speed,  a/s 

q  m  dynaaic  pressure, 
N/a2 

S  •  wing  area,  *2 

c  *  aerodynaalc  aean 
chord,  a 

b  >  wing  span,  a 

Derivatives  are  calculated  in  body 
axes  as  follows: 


C|fl  ■ 

’  [Mqd/A 

•  I'h/I'a 

.  U  .  V/qSc]/cos  a 

Caoi  * 

•  l^/l'A 

.  2V*/qSc’J/cos  a 

Cm  ■ 

'  l-Zqd/A 

•  Kt/kA 

.  Ill  .  V/qS]/cos  0 

CHoi  ■ 

'  [-ZphM 

•  tz/k* 

.  2V*/qSl]/cos  a 

C|«  ■ 

,  Hqd/A  . 

kN/kA  • 

W  V/qSb 

Cn0* 

•  w*  • 

kp/kA  • 

2V*/qSb* 

Ci0  . 

,  Lqd/*  • 

ki/kA  • 

W  V/qSb 

Ci0. 

■  Lph/*  • 

kL/kA  . 

2V*/qSb* 

1 
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WIND  TOMMBL  FOSCB  MBASUSEMEMTS  AMD  VISDADIZATIOM  ON  A  60- 
OEOREB  DELTA  MZKG  ZM  08CZLLATZ0M,  STEPMZSB  MOTZOH  AMO  OUSTS 

Per-Ake  Torlund 

FFA,  The  Aeronautical  Research  Institute  of  Sweden 
P.O.Box  11021,  S-16111  Bromna,  Sweden 


Abftrogt 

A  60-degrae  delta  wing  has  been  tested 
in  pitching  motion  in  FFA's  low-speed 
wind  tunnel  L2  at  the  Royal  Institute 
of  Technology.  Harmonic  oscillation 
tests  with  4“  and  8*  amplitude  at  0  to 
35°  angle  of  attack  were  carried 
out. The  reduced  frequency  was  between 
.003  and  .195  .  Both  dynamic 
aerodynamic  derivatives  and  time 
histories  of  the  normal  force  and 
pitching  moment  were  recorded. 

The  seune  model  was  also  tested  in  a 
stepwise  motion  up  to  90°  angle  of 
attack.  The  steps  were  positive  and 
negative  with  20°  amplitude  starting 
every  10°,  also  steps  over  the  full 
90°  were  made.  The  angle  of  attack 
rates  were  chosen  to  correspond  to  the 
oscillation  tests,  the  maximum  being 
360°/s  and  the  acceleration  13500 
°/8>.  The  tunnel  speed  was  57  m/s  in 
most  cases  and  the  centerline  chord 
was  .5  m. 

The  response  to  the  step  motion  was 
compared  to  the  response  predicted 
from  the  results  of  the  oscillation 
tests. These  coincide  fairly  well  at 
low  angle  of  attack  whereas  large 
discrepancies  are  evident  at  moderate 
angle  of  attack.  Long  time  delays  are 
seen  when  the  dynamic  motion  passes 
the  angle  of  attack  where  the  vortex 
burst  reaches  the  apex  at  steady  state 
conditions. 

Some  visualization  of  vortex  burst 
position  in  the  oscillation  and 
stepwise  motion  tests  were  made  with 
smoke  and  Schlieren  optica  and 
correlated  to  the  force  measurements. 
The  60  degree  delta  wing  has  also  been 
tested  in  a  recently  completed  gust 
generator.  Force  measurements  for 
gusts  compared  to  step  motion  in  pitch 
show  the  same  long  time 
delays.Cosiparing  gust  and  step 
response  during  the  motion  gives  the 
possibility  to  separate  a  and  q 
effects. 

nomenclature 

a  constant  sea 

C||  pitching  SMSMnt  coafficent 
C||  nozisal  force  coefficient 
MC  mean  aerodynamic  chord  (m) 


Cf  root  chord  (m) 
f  frequency  (Hz) 
k  reduced  frequency  =  nfc^/Uo, 

Re  Reynolds  number 
Uo,  free  stremn  velocity  (m/s) 
qo,  free  stream  dynamic  pressure  (Pa) 
a  angle  of  attack  (°) 
ov  equivalent  angle  of  attack 
aE=a+aT  (°) 

r  angle  of  gust  generator  wings  ( ° ) 
Subscripts 

s  static  conditions 
q  rotation  derivative 
a  angle  of  attack  rate  derivative 

I ■  Introduction 

The  requirements  for  maneuverability 
in  fighter  aircraft  is,  like  always, 
increasing.  Recent  trends  include 
post-stall  maneuvering  to  high  angles 
of  attack  and  relaxed  static 
stability.  This  leads  to  high  pitch 
rates  in  a  part  of  the  envelope  where 
traditional  dynamic  derivatives  may 
not  be  sufficient  to  model  the 
response  of  the  aircaft. 

In  order  to  get  a  better  physical 
understanding  of  these  high  angle  of 
attack,  dynamic  flow  phenomena  a 
series  of  low  speed  wind  tunnel  tests 
have  been  conducted  at  FFA.  A  large 
part  of  these  tests  were  carried  out 
with  a  schematic  delta  wing  model  with 
60  degree  sweep.  Some  of  the  reasons 
for  this  choice  of  model  is;  a 
relatively  simple  interpretation  of 
visualizations  and  an  aspect  ratio 
comparable  to  modern  fighters. 

Several  types  of  tests  were  carried 
out  including  harmonic  pitching 
motioiit  stepwise  pitching  nation  and 
gusts  in  pitch. 

Ill _ Experimental  Technioue  and  Setup 

Wind  Tunnel 

The  tests  were  carried  out  in  FFA's 
low  speed  wind  tunnel  L2  at  the  Royal 
Institute  of  Technology  in  Stockholm. 
The  wind  tunnel  has  a  closed  circuit 
with  a  2x2  m*  test  section  with  cut 
corners  giving  a  3.6  m>  cross  section. 
The  maximum  speed  is  aproximatly  65 
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m/a.  Tha  turbulance  Intenaity  is  .1  - 
.2  %  depending  on  tunnel  speed. 

Model 

The  model  used  for  these  tests  was  a 
flat  plate  60  degree  delta  wing  with 
.577  m  span  and  .5  m  root  chord.  To 
achieve  a  good  path  for  tha  Schlleren 
optics  the  leading  edge  was  beveled  on 
the  pressure  side  only.  Tha  trailing 
edge  was  cut  off  at  a  right  angle  to 
fix  the  pressure  side  separation  as 
well  as  possible.  The  wing  was 
originally  made  from  4  mm  aluminium 
plate.  This  was  later  changed  to  a  3 
mm  plywood  core  with  .5  mm  carbon 
fibre  pressure  laminated  to  each  side. 
This  Increased  the  natural  frequency 
considerably.  A  boat  shaped  fairing 
under  the  wing  covered  the  balance  and 
linkages.  The  model  Is  shown  In  Fig. 

1. 

Motion  System 

The  model  was  Installed  on  a  braced 
strut  from  the  tunnel  floor  as  shown 
In  Figure  2.  When  the  angle  of  attack 
range  was  Increased  from  0°-43°  to  - 
2° -92*  tha  top  of  the  strut  was  swept 
back  45*. 

The  oscillatory  teat  was  driven  by  a 
flywheel  through  a  long  puahrod  giving 
an  almost  sinusoidal  motion. Tha 
maximum  frequency  was  5  Hz  which 
translates  to  a  reduced  frequency  (k) 
of  .195  at  40  m/s. 

The  step  motion  was  driven  by  a  2  kW 
stepper  motor  for  most  of  the  teste 
presented  here.  This  was  recently 
exchanged  for  an  AC  servo  which  should 
be  able  to  produce  any  motion. 
Including  harmonic,  whlthln  the  speed 
and  acceleration  limits  of  400  ’/s  and 
18000  ‘/s’.  The  torque  Is  then  geared 
up  through  a  6>1  cog  belt  drive.  On 
the  output  shaft  of  this  there  is  a 
drive  arm  that  Is  connected  with  a 
carbon  fibre  pushrod  to  a  lever  on  tha 
model  strut.  From  there  the  torque  Is 
transmitted  by  two  pretensioned  steel 
push-pull  rods  to  a  frame  around  the 
balance  In  tha  siodel. 

The  model  was  rotated  around  Its  55  % 
root  chord  and  29  mm  (5.8  %  c^  )  below 
the  upper  surface  of  the  wing.  The 
angle  of  attack  was  measured  by  a 
potentiometer  on  this  axle. 

Gust  Generation 

Tha  gust  generator  consists  of  eight 
short  wings  on  the  side  walls  at  the 
beginning  of  tha  teat  section  an  shown 
In  Figure  2.  The  wings  are 
synchronised  to  tha  same  angle  by  a 
linkage  driven  by  a  2  kw  stepper 
motor.  All  wings  have  flaps  which  are 


mechanically  geared  to  their  setting 
angle.  Several  means  were  used  to 
achieve  a  uniform  downsweep  across  as 
much  of  the  width  of  the  test  section 
as  possible; 

-  The  four  wings  on  top  and  bottom 
have  a  larger  span. 

-  A  wlnglet  connects  the  tips  of  the 
central  wings. 

-  The  flaps  on  the  central  wings  have 
a  different  gear  ratio  compared  to  the 
top  and  bottom  ones. 

At  present  the  largest  possible  angle 
of  attack  change  at  the  reference 
point  Is  13.6°  and  12°  at  the  wlngtlps 
of  the  model. 

Force  Measurements 

The  forces  and  moments  were  measured 
with  a  custom  built  lightweight  five 
component  balance. 

Data  Acquisition  and  Reduction 

Data  were  recorded  at  700  Hz  In  most 
cases.  After  an  anti  aliasing  filter 
the  signals  were  A/D  converted  (  16 
bits  )  and  stored. 

Dynamic  derivatives  were  calculated  as 
the  out  of  phase  components  of  the 
forces  and  moments. 

For  the  time  histories  for  the 
harmonic  motion  several  loops  were 
averaged.  Mass  forces  were  measured 
once  and  approximated  with  a  simple 
function.  This  was  scaled  with  the 
frequency  squared  and  subtracted  from 
the  time  histories.  The  Individual 
loops  were  also  simply  plotted  on  top 
of  each  other  to  get  a  feel  of  the 
spread  In  the  data. 

The  stepwise  pitching  motion  gave  a 
low  signal  to  noise  ratio.  In  the 
order  of  10%,  due  to  the  high  pitch 
acceleration.  For  each  motion  several 
time  histories  of  the  mass  forces  were 
recorded  wind  off  and  averaged.  The 
total  forces  were  then  recorded  wind 
on  in  the  same  way. The  mass  forces 
were  subtracted  and  the  resulting 
response  was  digitally  filtered.  If 
the  variance  between  the  averaged 
cycles  was  too  high  the  result  was 
rejected.  This  was  sometimes  an 
Indication  of  mechanical  problems. 

For  the  gust  tests  the  model  remained 
stationary  except  for  elastic  effects 
so  the  signal  analysis  was  less 
critical. 

The  model  was  set  to  the  angle  for  the 
test  and  a  zero  Included  the  tare 
effects.  One  digitally  filtered  time 
history  normally  gave  a  sufficient 
signal  c[uallty. 

Visualization 

A  smoke  generator  producing  evaporated 
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karosana  could  ba  mounted  in  the 
streamline  fairing  on  the  model.  The 
smoke  was  ejected  through  a  1.5  mm 
tube  under  the  starbord  leading  edge 
10  mm  aft  of  the  wing  apex,  h  large 
flash  unit  aft  and  outbord  of  the 
model  was  used  when  taking  photographs 
of  the  smoke,  it  was  found  that  a 
relatively  long  flash  duration  (.0015 
s)  helped  average  the  structure  in  the 
smoke  and  make  it  appear  fairly 
smooth . 

In  order  to  get  a  comparison  to  the 
smoke  visualization  a  Schlieren  optics 
system  was  used. It  was  possible  to  see 
the  vortices  at  40  m/a.  Very  small 
vortices  could  ba  studied.  Since  an 
optical  axis  parallell  to  the 
mechanical  axle  for  the  motion  was 
chosen  the  port  and  starbord  vortices 
could  not  be  separated.  The  system  was 
useful,  but  suffered  from  low 
productivity  compared  to  the  smoke 
visualization  because  the  edge  in  the 
Schlieren  aperture  had  to  be  set  for 
each  picture.  Also  the  available 
optics  had  a  diameter  of  only  180  mm 
so  it  had  to  be  moved  and  realigned 
often.  The  light  for  the  Schlieren 
optica  comas  from  a  spark  discharge  of 
2 •10"*  s  duration. 


The  sharp  leading  edge  was  used  to 
reduce  the  sensitivity  to  Reynolds 
number  as  much  as  possible.  The  static 
measurements  of  pitching  moment  and 
normal  force  for  Reynolds  number  0.71 
*  10^  and  2.26  *  10°  are  presented  in 
Figure  3.  The  main  difference  is  that 
the  sharp  break  occurs  at  lass  than 
one  degree  lower  angle  of  attack  for 
the  higher  Reynolds  number. 


Figure  4  shows  the  vortex  burst 
position  as  a  function  of  angle  of 
attack.  Smoke  and  Schlieren  results 
from  these  tests  agree  fairly  wall. 
Between  the  apex  and  10%  c^  it  is 
possible,  with  soma  practice,  to 
detect  the  existence  of  a  vortex  but 
not  the  burat  position.  With  Schlieren 
optics,  however,  a  5  an  (  1%  c  ) 
vortex  can  be  seen.  For  comparison 
some  Schlieren  raaults  by  Wentz  (1) 
are  included.  The  models  used  had  a 
two-sided  7.5*  bevel  and  a  sguare 
leading  edge  respectively.  The  vortex 
burst  is  located  further  aft  for  the 
same  angle  of  attack  with  an 
increasing  bluntness  of  the  leading 
edge. 


When  this  configuration  was  tested  for 
ordinary  dynamic  derivatives  it  was 
found  that  both  Cj^+Cjj_  and 
reached  very  high^evers  at  25*  angle 
of  attack  and  beyond,  as  seen  in 
Figure  5.  To  investigate  the  reason 
for  this  time  histories  were  recorded 
for  oscillation  with  18°  amplitude  at 
20*,  25*,  30*  and  34.6°  mean  angle  of 
attack.  These  are  presented  as  loops 
in  pitching  montent  and  normal  force 
over  angle  of  attack  in  Figure  5-8. 
For  the  lowest  angle  of  attack,  20°, 
the  dynamic  response  is  a  typical 
damping;  a  loop  centered  on  the  static 
curve.  For  25*  angle  of  attack  the 
response  is  different. The  motion  now 
reaches  the  sharp  break  in  the  static 
curves  at  32*  angle  of  attack.  Here  a 
hysteresis  loop  forms  in  the  pitching 
moment  at  low  reduced  frequencies,  but 
decreases  for  higher  frequencies.  At 
the  lower  end  of  the  ±  8°  motion  there 
is,  however,  a  damping  loop  which 
increases  in  magnitude  with  frequency. 
The  same  phenomena  are  less  evident  in 
normal  force  since  both  loops  have  the 
same  sign  there.  At  the  higher  angles 
of  attack  presented  hers  (30°  and 
34.6°)  the  hysteresis  loop  and  the 
damping  loop  seem  to  coincide  and 
simply  grow  with  frequency. 


Schlieren  optics  visualisation  of 
vortex  burst  position  on  the 
oscillating  modal  was  carried  out  for 
two  of  the  angles  of  attack  where 
force  measurements  had  been  made.  The 
result  is  shown  as  loops  over  angle  of 
attack  in  Figures  10  and  11.  Twelve 
photos,  one  every  30  degrees  of  phase 
angle,  were  taken  for  each  reduced 
frequency.  The  motion  had  to  ba 
stopped  before  each  photo  to  change 
the  flash  synchronisation.  Thus  the 
points  on  the  curves  come  from  not 
only  different  cycles  but  also  have  a 
separate  start  of  the  motion.  The  fact 
that  the  measured  points  still  fall  on 
reasonably  smooth  curves  is  taken  as  a 
sign  of  fairly  good  repeatability.  At 
25  ±8  degrees  angle  of  attack  there  is 
a  vortex  on  the  wing  for  the  complete 
cycle  for  the  two  higher  reduced 
frequencies  (k«.04S  and  .195).  At  the 
lowest  reduced  frequency  (k>.012)  the 
vortex  breaks  down  before  the  motion 
reaches  its  peak  angle  of  attack  at  33 
degrees  and  does  not  appear  until 
below  30  degrees.  This  correlates  with 
the  pitching  moment  in  Figure  7.  The 
lowest  reduced  frequency  at  which  the 
pitching  moment  goes  down  to  the 
static  post  stall  level  is  .012.  Also 
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the  pitching  tnoment  etaya  at  this 
level  over  roughly  the  same  angle  of 
attack  range  as  the  vortex  is  gone.  At 
30  ±8  degrees  the  vortex  breakdown 
reaches  the  apex  for  all  reduced 
frequencies.  When  comparing  with  the 
pitching  moment  in  Figure  8  the  angles 
of  attack  for  the  quick  changes  up  or 
do%m  coincide  fairly  wall  with  the 
vortex  going  on  or  off. 

Steowise  Motion  ;  Force  Measurement 

The  model  was  pitched  stepwise  with 
different  angle  of  attack  rates.  Only 
the  pitch  rate  corresponding  to  a 
reduced  frequency  of  .195  is  presented 
here,  at  57  m/s  this  means  360  */s. 

The  pitch  acceleration  was  always 
13500  “/s*. 

Figure  12  presents  a  sample  time 
history  of  angle  of  attack,  normal 
force  and  pitching  moment.  The  most 
obvious  feature  is  the  long  time  delay 
from  the  stop  of  the  motion  until  the 
static  values  for  the  new  angle  of 
attack  is  reached.  In  this  case  the 
delay  is  about  0.4  seconds  or  in  other 
words  32  root  chord  passages  for  the 
flow.  The  figure  also  contains  the 
value  of  the  static  pitching  moment 
and  normal  force  for  the  same  angle  of 
attack.  To  this  the  dynamic 
derivatives  presented  in  Figure  5  have 
been  added.  The  normal  force  predicted 
is  not  far  from  the  measured  response 
during  the  motion,  but  of  course  this 
simple  model  can  not  predict  anything 
after  the  motion  stops.  In  pitching 
moment  the  predicted  response  is 
further  from  the  measurement  during 
the  motion.  The  same  comparison  gives 
better  agreement  at  low  angles  of 
attack. 

There  is  a  relatively  low  sensitivity 
to  Reynolds  number  for  the  case  shown 
in  Figure  13.  It  should  be  noted  that 
the  signals  for  all  cases  have  gone 
through  the  same  filters.  Since  the 
highest  Reynolds  number  case  also  has 
the  fastest  motion  some  of  the 
difference  in  normal  force  is  probably 
caused  by  the  filter. 

Time  histories  for  20°  steps  up  and 
down  starting  every  lu'  angle  of 
attack  are  presented  in  Figures  14  and 
15.  Long  tisie  delays  are  apparent  on 
all  ramps  passing  32’  angle  of  attack 
where  the  sharp  break  in  the  static 
curves  is  located. 

Figure  16  shows  the  response  to  a  step 
from  20*  to  40*  angle  of  attack  as  a 
function  of  angle  of  attack.  The 
response  to  the  down  going  step  over 
the  same  range  has  been  added. 

The  same  steps  as  in  Figure  14  and  15 
are  presented  as  a  function  of  angle 
of  attack  in  Figure  17.  The  steps  from 
0*  to  90*  angle  of  attack  and  down 


over  the  same  range  have  been 
included.  If  a  linear  model  could 
describe  these  step  responses  the  90* 
steps  would  follow  the  envelope  of  the 
20*  steps.  It  does  not.  The  "history" 
of  the  flow  must  be  taken  into  account 
to  model  the  response  of  these  steps, 
especially  when  passing  the  angle  of 
attack  for  the  vortex  breakdown 
reaching  the  wing  apex  and 
disappearing. 

Stepwise  Motion  :  Vieualiration 

The  time  history  for  the  vortex  burst 
position  for  the  step  from  20*  to  40° 
angle  of  attack  is  shown  in  figure  18 
compared  to  the  static  burst  position. 
The  vortex  burst  reaches  the  wing  apex 
approximately  when  the  motion  stops 
with  a  small  delay  compared  to  the 
static  values.  The  normal  force  and 
pitching  moment  show  delays,  after  the 
vortex  disappears,  in  the  order  of  20 
chord  passages  before  they  reach  their 
static  values. 

Figure  18  also  shows  the  visualization 
result  for  the  step  down  over  the  40* 
to  20*  range.  Here  the  vortex  restart 
is  delayed  until  after  the  motion  has 
stopped.  The  vortex  burst  position  is 
then  further  delayed  before  it  reaches 
steady  state.  The  normal  force  and 
pitching  moment  reach  their  static 
values  at  the  same  time  as  the  vortex, 
if  not  before.  It  should  be  noted  that 
the  photos  indicated  by  the  dots  come 
from  different  steps  which  probably 
explains  why  the  burst  position  is  not 
a  monotonous  function  of  time. 

Figure  19  shows  the  dynamic  vortex 
burst  position  visualized  with  smoke 
for  the  90*  steps  up  and  down  compared 
to  the  static  case.  The  vortex  burst 
reaches  the  apex  at  roughly  the  angle 
of  attack  for  maximum  normal  force. 

Gusts  ;  Force  Measurement 

A  gust  that  changes  the  angle  of 
attack  13  degrees  in  .05  seconds  can 
be  induced.  The  gust  is  well  defined 
in  time  but  varies  in  space  as  shown 
in  Figure  20. The  gust  flow  field  is 
basically  vertically  convergent  and 
horisontally  divergent. 

An  equivalent  angle  of  attack  is 
defined  as 

Og  »  a  +  a*r 

where  r  is  the  angle  of  the  gust 
generator  wings  and  a  a  constant  that 
is  adjusted  so  that  a  slow  gust 
produces  a  response  close  to  that  cf 
static  angle  of  attack  change.  Three 
"slow  gusts*  are  compared  to  the 
static  ease  in  figure  21.  The  normal 
force  for  the  gusts  is  linear  and 
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close  to  the  static  values.  The 
pitching  moment  coincides  with  the 
static  curve  for  lero  gust  generator 
angle,  but  falls  below  it  at  both 
ends. 

Figure  22  presents  the  time  histories 
for  three  positive  gusts  compared  to 
steps  over  the  same  a  ranges  and  with 
the  same  speed. The  15.5°  to  28.5°  case 
only  shows  significant  difference 
during  the  motion.  This  should  be 
mainly  the  difference  between  a  and  q 
response.  If  the  difference  in  a 
between  the  front  and  aft  end  of  the 
model  is  disregarded  the  gust  produces 
an  a  only.  For  the  21.5°  to  34.5°  and 
28.5°  to  41.5°  cases  there  are  some 
differences  during  the  motion  that  may 
be  due  to  the  lack  of  rotation  for  the 
gust.  The  time  delays  after  the  motion 
are  roughly  the  same  for  the  gusts  and 
the  steps. 

The  same  observations  hold  for  the 
negative  gusts  in  figure  23. 

The  comparison  between  gust  and  step 
motion  during  the  actual  motion  is 
highlighted  in  figures  24  and  25  where 
the  same  cases  are  plotted  over  angle 
of  attack. 
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IV.  Conclusions 

A  60  degree  schematic  delta  wing  has 
been  tested  in  oscillation,  stepwise 
motion  and  gusts. 

Both  the  static  results  and  tbs 
response  to  stepwise  pitching  are 
relativly  insensitive  to  Reynolds 
number  in  the  .7  to  2.3  million  range. 
This  configuration  has  a  sharp  break 
in  both  pitching  moment  and  normal 
force  at  32  degrees  angle  of  attack. 

By  visualization  with  amoks  and 
Schlieren  optica  this  has  been 
correlated  to  the  vortex  reaching  the 
wing  apex  and  disappearing. 

Whan  passing  this  angle  of  attack  up 
or  down  dynamically,  time  delays  in 
the  forces,  sometimes  as  long  as  30 
to  40  chord  passages  of  the  flow,  are 
measured  especially  when  the  motion 
stops  a  few  degrees  after  the  critical 
angle. 

Time  delays  are  seen  for  gusts  as  well 
as  for  oscillation  in  pitch  and 
stepwise  pitching  motion. 

These  time  delays  have  correlated  with 
delays  in  vortex  breakdown  in  all 
cases  where  good  visualization  have 
been  achieved.  The  delays  in  the 
forces  can,  however,  be  much  longer. 
Comparing  stepwise  pitching  motion 
with  gusts  can  separata  a  and  q 
derivatives.  The  limited  angle  of 
attack  range  of  the  gust  generator 
(13°)  limits  the  study  of  time  history 
affects  though. 
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Figure  S  Dynamic  Derivatives  in  Pitch 
Derived  from  Harmonic  Oscillations. 
Amplitude  ±8‘. 
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Figure  6  Pitching  Moment  and  Normal 
Force  during  Oscillation  as  a  Function  c 
Angle  of  Attack.  a=20*±8-  Re=1.43*10'* 


T  / 

1  II 

V II  / 


20  a.  40 


'  20  «>  iO  ' 

Figure  7  Pitching  Moment  and  Normal 
Force  during  Oscillation  as  a  Function 
Angle  of  Attack.  o-25*±8*  Re*l. 43*10 
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Flguire  8  Pitching  HoiKcnt  and  Momal 
Forca  during  Oscillation  as  a  Function  of 
Angle  of  Attack,  flt-30^+8^  Re=i. 43*10** 


Figure  9  Pitching  Moatent  and  Normal 
Force  during  oscillation  as  a  Function  of 
Angle  of  Attack.  ot=34.6*±8*  Re=l. 43*10® 


Figure  10  Vortex  Burst  Position  during  Figure  11  Vortex  Burst  Position  during 

Oscillation,  Visualization  with  Schlieren  oscillation*  Visualization  with  Schlieren 

Optics.  Dots  indicate  Photos.  <i»25«t8*  Optics.  Dote  Indicate  Photos.  a»30M«* 

Re=l. 43*10®  Re«l. 43*10® 
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Rdsuaid  L'exposd  comportera  done  une 


II  est  dtabll  que  lea  manoeuvrea 
dynamlques  d'un  avion  d’armea  k  grande 
Incidence  aont  le  alBge  de  phdnoaiBnes 
adrodynaailquea  Instatlonnalres  de 
grande  amplitude.  Ceuz-ci  ne  peuvent 
dtre  ndgllgda  dda  que  I'on  veut 
nalntenlr  et  optlmlaer  le  contrOle  du 
mouveaient  et  dee  attitudes  de 
1  'adronef . 

Certalnes  Installations  de  soufflerle 
penaettent  de  caractdrlser  ces  effets 
Instatlonnalres.  La  balance  rotative 
de  I’IMFL,  en  soumettant  une  maquette 
d' avion  k  un  mouvement  conlque 
osclllatolre  a  ddJR  permls  de  mesurer 
I’effet  de  larges  variations 
d' Incidence  et  de  ddrapage  sur 
dlffdrentes  gdoaidtrles  d’avlons.  Un 
module  mathdoatlque  k  base  de 
fonctlons  de  transfert  persiet  de 
rendre  compte  de  fa9on  satlsfalsante 
de  ces  phdnomRnes . 

L'IMFL  est  dotd  depuls  peu  d’un  laoyen 
d’essai  original  dans  une  soufflerle 
basse  vltesse.  Celul-cl  peisMt  de 
cdallser  des  awuveaMnts  angulalres 
dynaailques  divers  et  varlda  en  tangage 
et/ou  en  lacet  d’un  adronef  autour  de 
son  centre  de  gravltd,  notanaMnt  des 
oiouveawnts  pdrlodlques  slnusoXdauz. 
des  rampes  de  vltesse.  II  penaet 
encore  de  slamler  I’dvolutlon  rdelle 
de  I’asslatte  longltudlnale  de  1 ’avion 
de  combat  lors  d’une  awnoeuvre  de 
polntage.  Lea  performances  de  cette 
Installation  (dlscrdtlon 
adrodynaadque ,  vltesse  angulalre  600 
deg/sec)  en  font  un  moyen  d’essai 
prlvlldgld  pour  I’dtude  et  la 
caractdrlsatlon  des  phdnosAnes 
adrodynaadques  de  petite  ou  grande 
aaqtlitude  k  grande  incidence,  en 
coaipldmsntarltd  avec  la  balance 
rotative. 


prdsentation  de  ces  moyens  d’essals; 
des  rdsultats  illustreront  le 
potentlel  de  ces  outils  de  simulation 
dynasdque  et  les  techniques  de 
moddlisation  seront  aborddes. 

Abstract 

Dynamic  manoeuvers  of  an  aircraft  at 
high  angles  of  attack  are  known  to  be 
the  origin  of  unsteady,  large 
amplitude  aerodynaadc  phenesnena.  These 
phenomena  cannot  be  neglected  if  the 
control  of  aircraft  attitudes  and 
movements  has  to  be  optimized. 

Such  unsteady  effects  can  be 
characterized  on  specific  wind-tunnel 
test  facilities.  Already  effects  of 
large  Incidence  and  sideslip 
variations  of  various  aircraft 
geometries  have  been  measured  on  the 
IMFL  rotary  balance  during  oscillatory 
coning  Biotions.  They  have  been  globaly 
taken  Into  account  in  siathesiatlcal 
models  using  transfer  functions. 

An  original  test  apparatus  has  been 
set  up  In  the  IMFL  low  speed 
wind-tunnel.  Various  dynsualc  pitch 
and/or  yaw  swtions  can  be  carried  out 
on  an  aircraft  model  :  sinusoidal  or 
constant  angular  rate  motions  or 
typical  pointing  amnoeuver  attitude 
evolution.  The  large  perfonaance  of 
this  apparatus  (low  level  of  airstream 
perturbation,  high  angular  speed 
-600*/s)  allows  to  characterize  and 
analyze  small  and  large  aaq>lltude, 
high  angles  of  attack  aerodynaadc 
phanoawna. 

In  the  proposed  paper  those  test 
facilities  will  be  described,  their 
dynaidc  simulation  potentialities  will 
be  illustrated  by  sosm  results  and 
modelisatlon  techniques  used  will  be 


approached . 

Motations 

a,  B 

Incidence,  derapage 

T  e,  « 

angles  d' Euler 

Cl.  C„  c„ 

coefficients 

adrodynamlques  de  moment 
de  roulls,  tangage,  lacet 

C*.  Cy,  Cz 

coefficients 
adrodynamlques  de  force 
axlale,  laterals,  normals 

a'  ,  B' 

vltesses  de  variation 
d' incidence  da/dt  et  de 
derapage  dB/dt 

6'  ,  6' 

vltesse  et  acceleration 
angulalres  dB/dt,  d^B/dt^ 

X 

angle  entre  les  vecteurs 
rotation  (1  et  vltesse 
aerodynamlque  V 

Introduction 


L'extenslon  du  domaine  de  vol  des 
avlons  d'armes,  souci  permanent  des 
avionneurs,  a  longtemps  6t6  freinde 
par  les  frontldres  naturelles  de 
1 'adrodynamlque  ;  existence  de  non 
lin^arltds,  pertes  de  stability  sur 
certains  axes,  ddcollement  des 
dcoulements  sur  les  surfaces  de 
contrale  ou  sur  la  vollure  complete. 

Les  systames  de  contrOle  de  1 'avion 
(conmandes  de  vol  dlectrlques) 
permettent  de  surmonter  certains  de 
ces  obstacles  ;  attdnuer  les  effets 
non  llndalres,  contrOler  les 
Instabllltds ,  etc . . . 

Ce  contrOle  n'est  possible  que  si  le 
comportement  adrodynamlque  dans  le 
domaine  de  vol  a  pu  etre  caractdrlsd 
de  fagon  suff Isamment  fine,  selon  les 
dlffdrentes  solllcltatlons 
susceptlbles  d'etre  rencontrees  en 
vol.  Des  moyens  d'essals  dlffdrents 
sont  alors  ndcessalres  pour  tradulre 
les  effets  de  mouvements  angulalres, 
de  la  variation  d' Incidence,  du  Mach, 
de  la  turbulence... 

Aujourd'hul  1 'ambition  affichde  des 
avionneurs  est  d'dtendre  au  delA  du 
ddcrochage  le  doeialne  du  vol  contrAld. 

Le  principal  avantage  attendu  est 
I'obtentlon  d’un  vecteur  force  nonsale 


adrodynamlque  Important  en  module  et 
dont  I'orientatlon,  pouvant  etre 
cholsie  dans  un  domaine  plus  grand, 
permet  des  modifications  Importantes 
de  la  trajectoire,  dimlnue  le  rayon  de 
virage,  ce  qul  constltue  un  avantage 
certain  en  combat  adrlen. 

En  contrepartie,  1' Incursion  aux 
grandes  Incidences  prdsente  deux 
Inconvdnlents  majeurs  :  une 
augmentation  significative  de  la 
trainee  qul  Indult  une  forte 
diminution  de  la  vltesse  done  de 
I'dnergie  totale  de  I'adronef  ; 

1 'apparition  d'instabllltds 
adrodynamlques  colncidant  avec  la 
perte  partlelle  ou  totale  d’efficaclte 
de  certalnes  gouvernes 
conventlonnelles . 

L'dmergence  de  gouvernes  moins 
conventlonnelles  (canards, 
strakes,...)  assoclde  k  des  commandes 
de  vol  AlaborAes  permet  le  malntien 
d'un  contrble  relatif  des  attitudes  de 
I'aAronef  k  grande  Incidence. 
Mdanmolns,  pour  que  la  perte  d'dnergie 
totale  ne  constltue  pas  une  entrave 
rddhibitolre,  les  excursions  au  delk 
du  ddcrochage  doivent  tester  brAves  ce 
qul  signlfle  que  la  dynamlque  de 
telles  manoeuvres  est  tr6s  Importante. 

Toute  Atude  prdliminalre  pour  preparer 
I'avlon  super  manoeuvrant  passera  done 
par  la  caractdrlsatlon  du  comportement 
aArodynamlque  selon  des  solllcltatlons 
nouvelles  dans  un  domaine  plutOt 
subsonique,  aux  grandes  et  trbs 
grandes  Incidences,  et  notamment  k  des 
variations  rapldes  de  1 'Incidence  et 
du  ddrapage,  et  &  des  vltesses  de 
roulls  et  de  tangage  dlevdes. 

L'objet  de  cet  exposd  est  de  presenter 
les  apports  sur  ce  sujet  ddveloppds 
autour  de  deux  moyens  d'essals 
spdclfiques  en  soufflerle  de  I'IMPL: 
la  balance  rotative  et  le  nouveau 
siontage  dynamlque  ddnommd  'pqr*  .  La 
clndmatlque  de  ces  moyens  d'essals 
penaet  la  realisation  de 
solllcltatlons  dynamlques  en 
partlculler  sur  les  variables 
incidence,  dArapage  et  vltesse  de 
tangage  avec  des  amplitudes  et  des 
frequences  qul  peuvent  etre  tets 
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Impoctantes . 

Apr^s  un  rappel  du  contexte  dans 
lequel  sont  menses  les  etudes  grandes 
Incidences  A  I’IMFL,  et  une 
description  raplde  de  chaque  montage 
et  de  sa  clndmatlque,  des  rdsultats 
obtenus  sont  prAsentAs  et  analyses. 
Dlffdrentes  approches  de  moddllsatlon 
des  resultats  sont  proposees  et 
dlscutees  et  des  confrontations  avec 
des  essais  en  vol  lllustrees. 

Les  grandee  Incidences  A  I’IMFL 

Les  etudes  en  mecanlque  du  vol 
decroche  sont  hlstoriquement  llAes  A 
la  mlse  en  oeuvre  de  la  soufflerle 
verticale  A  I’IMFL  en  1966  (fig.  1). 
Cette  soufflerle  est  dlte  de  ’vrille* 
car  elle  permet  1 ’observation  de  tels 
mouvements  sur  des  maquettes  d’avlons 
de  dimension  typlque  1  mAtre,  lancAes 
manuellement  dans  la  velne  et  dont  le 
polds  est  equlllbre  par  les  forces 
aerodynamlques  generAes  par  le  courant 
d'alr  ascendant  pllote  en  vitesse  par 
un  opArateur.  Le  diamAtre  de  la  velne 
-ouverte-  Atant  de  4  mAtres,  11  est 
possible  d’ analyser  certains 
mouvements  transltolres  :  changement 
d’Aqulllbre,  sortie  de  vrille  Indulte 
par  des  InstabllltAs  ou  par  un 
braquage  radio  pllotA  des  gouvernes, 
Influences  des  conditions  Inltlales. 

Ce  sont  plus  de  200  configurations  de 
maquettes  d’avlons  qul  ont  AtA  testAes 
en  soufflerle  pour  des  besolns  de 
certification,  de  recherche  de 
consignee  pour  rAcupArer  le  vol 
control A,  pour  dAtermlner  des 
dlsposltlfs  de  secours  ou  encore  pour 
proposer  des  modifications 
gAomAtriques .  Des  Atudes  paramAtrlques 
ont  Agalement  AtA  menAes  sur  des 
maquettes  modulsbles  pour  cerner 
1’ Influence  du  centrage,  des  surfaces 
des  gouvernes,  du  dAcentrage  latAral 
ou  encore  1’ impact  des  vlrures 
d’ avant-corps,  de  qullle  sous 
fuselage, etc.  C’est  par  la  varlAtA  des 
Atudes  et  des  configurations  AtudlAes 
que  se  sont  forgAs  le  savolr  faire  et 
la  rAputatlon  de  I’Atabllssesient. 

L’ ensemble  des  rAsultats  acquis 
dAcrlvent  essentielleawnt  des 


comportements  et  1’ Influence  des 
divers  paramAtres  sur  ceux-ci.  Les 
comportements  sont  quantiflAs  par  un 
nombre  llmltA  de  variables  globales 
conme  1* attitude  moyenne,  la  durAe 
d’un  tour  de  vrille  stablllsAe,  le 
nombre  de  tours  de  vrille  avant 
rAcupAcatlon,etc.  Des  variables  plus 
qualitatives  prAclsent  la  nature  des 
agitations  perturbant  le  mouvement  ou 
encore  le  type  de  sortie  de  vrille. 

II  y  a  une  qulnzalne  d’annAes  s’est 
fait  sentlr  le  besoin  d ’analyser  de 
faqon  plus  prAclse  et  plus 
quantitative  le  phAnomAne  de  la 
vrille.  C’est  done  en  ce  sens  qu’a  AtA 
dAveloppA  un  disposltlf  tournant  de 
mesures  d’efforts  globaux  sur  maquette 
en  soufflerle,  appelA  balance 
rotative.  Celle-ci  est  AquipAe  d’un 
certain  nombre  de  degrAs  de  llbertA 
assoclAs  aux  crltAres  servant  A 
caractArlser  un  mouvement  de  vrille: 
I’attltude  moyenne,  I’angle  d’asslette 
latArale,  le  taux  de  rotation,  le  cap 
relatlf  (calage  angulalre  de  la 
maquette  dans  le  repAre  tournant),  le 
rayon  de  vrille,  le  taux  d’agltatlons, 
flgurA  par  un  angle  entre  les  vecteurs 
vent  et  rotation  gAnArant  lors  du 
mouvement  des  variations  pArlodiques 
de  1’ Incidence  et  du  dArapage, 
d’amplltude  variable  (fig. 2). 

Cette  approche  cinAsmtlque  devalt 
permettre  de  retrouver,  en  slnmlant  un 
mouvement  de  vrille  stablllsAe 
lAgArement  osclllatoire,  I’Aqulllbre 
entre  les  mnnents  d’lnertle  et  les 
moments  aArodynamlques  mesurAs  par  la 
balance.  Ce  montage  justlflait  alors 
plelnement  1’ appellation  de  montage  de 
"slaiulatlon  dynamlque ' .  La  figure  3. a 
illustre  A  ce  tltre  la  nature  des 
Avolutlons  de  1 ’ Incidence  et  du 
dArapage  au  cours  d’une  vrille  Achelle 
1  et  celles  reproduites  par  le 
montage . 

De  fait  cette  Installation  trouva  un 
crAneau  d’utilisatlon  beaucoup  plus 
large  que  celul  clrconscrlt  A  la 
vrille.  En  effet  la  clnAamtlque  permet 
une  exploration  asses  exhaustive  des 
effets  aArodynamlques  indulcs  par  la 
rotation  dans  un  large  domains 
d’ incidence  et  de  dArapage.  DAs  lors 
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ce  montage  est  utilise  pour  g6n6rer 
des  bases  de  donndes  de  coefficients 
adrodynamiques  globaux.  Ces  bases  ont 
dtd  dans  le  cadre  d’dtudes  gdndrales 
exploltdes  de  fa(oii  k  construlre  un 
moddle  mathdmatlque  de  representation 
des  efforts  adrodynaailques .  A  partir 
de  lA  11  est  possible  de  rdallser  des 
simulations  numdrlques  du  vol  de 
1' avion  et  d'dtudler  la  sensibilitd 
des  rdsultats  k  divers  paramdtres. 

Le  soucl  de  confronter  les  rdsultats 
trouvds  alnsl  par  la  simulation  k  la 
rdalltd  a  conduit  I'IMFL  k  ddvelopper 
des  moyens  expdrlmentaux  permettant  de 
rdallser  des  essals  en  vol  de 
maquettes  et  de  restituer 
quantltatlvement  I’dtat  et  les 
coefficients  adrodynamlques  de  1 ’avion 
au  cours  du  vol.  L* instrumentation  des 
maquettes  en  capteurs 
accdldromdtriques  et  gyromdtriques,  et 
de  la  station  en  moyens  optlques  fixes 
a  permls  d’dtudler  le  mouvement  de 
vrille  d’une  maquette  dans  la 
soufflerie  verticals  ainsl  que  des 
trajectolres  k  forte  dynamlque  de 
tangage  d’une  maquette  non  motorlsde 
catapultde  dans  le  laboratolre  d’dtude 
de  perte  de  controls  et  des  grandes 
incidences  (fig. 4). 

ParallSlement  d’autres  moyens  de 
caractOrlsatlon  aOrodynamlque  ont  6t0 
dOveloppOs.  L’Otude  des  mouvements 
d’Ochappde  en  roulis  (’wing-rock*)  est 
aujourd’hui  falsable  par  1 'adaptation 
d’un  dlsposltif  sur  la  balance 
rotative.  Enfln,  I’Otude  des 
mouvements  k  forte  dynaailque  de 
tangage  est  aujourd’hui  realisable  k 
I’alde  d’un  moyen  d’essais  nouveau 
appeie  *pqr*  et  InstallO  dsns 
soufflerie  horlzontale  basse  vltesse 
de  I’IMFL. 

La  balance  rotative  de  I’IMFL 

Nous  avons  eu  1 ’occasion  d’Ovoquer  ce 
moyen  d’essais  dynamlque  et  sa 
contribution  dans  1’ identification  des 
paramAtres  de  stabllitd  dynamlque  A 
faible  incidence.  Rappelons  en 
quelques  llgnes  les  prlnclpales 
caractdrlstlques  de  ce  dlsposltif. 
Celul-ci  est  Installd  dans  la 
soufflerie  verticals  de  I’IMFL,  A 


retour  A  velne  ouverte,  clrculalre  de 
4  mAtres  de  dlamAtre.  La  vltesse  de 
vent  est  llmitAe  A  40m/ s.  La 
cinAmatlque  permet  de  positlonner  une 
maquette  dans  un  large  domalne 
d’incidence  dArapage  (fig. 5).  La 
rotation  de  la  balance  peut 
s’effectuer  A  une  frAquence  volsine  de 
2  Hz.  L’origlnalltA  de  cette 
installation  tient  en  ce  que 
1’ ensemble  des  parties  toumantes  peut 
Atre  IncllnA  d’un  angle  X,  llmitA  A  20 
degrAs  par  rapport  A  la  direction  du 
vent  infini  amont.  II  en  rAsulte  que 
le  mouvement  conlque  classlque  (les 
paramAtres  incidence,  dArapage,  taux 
de  rotation  sont  constants  dans  le 
temps)  devlent  conlque  osclllatoire 
dAs  que  le  paramAtre  X  est  non  nul 
(incidence  et  dArapage  varient 
cycliquement  et  en  quadrature  au  cours 
d’un  tour  avec  une  amplitude  X  ;  les 
taux  de  rotation  demeurent  constants 
(fig. 6)). 

C’est  cette  particularitA  qul, 
utllisAe  A  faible  incidence,  nous 
permet  d’ identifier  sur  cette  seule 
installation  et  A  I’aide  d’essais 
appropriAs  les  paramAtres  de  stabilitA 
d’un  modAle  llnAalres  C,^,  , 

Clp+CjB’sino  etc. . .  (fig. 7) 

Aux  incidences  supArleures,  les  essals 
conlques  oscillatoires  mettent  en 
Avidence  I’lnvaliditA  de  I’hypothAse 
de  llnAaritA  et  1 ’apparition  des 
phAnomAnes  d’hystArAsis  liAs  aux 
InstabllltAs  des  Acoulements,  ou  au 
retard  A  leur  Atabllssement ,  et  dont 
le  dAcrochage  dynamlque  est  une 
Illustration  (fig. 8). 

Ces  phAnomAnes  sont  malntenant  bien 
connus.  Et  bien  que  I’Acoulement  solt 
de  nature  diffArente  entre  les  cas  bi- 
et  tri-dlmensionnels,  les  courbes 
caractArlstlques  de  I’Avolutlon  des 
coefficients  de  force  normale  C,  et  de 
moment  de  tangage  C,,  me sur As  sur  une 
alle  en  flAche  lore  de  tels  essals 
sont  tout  A  fait  similalres  A  celles 
obtenues  depuis  la  caractArisatlon 
d’un  profil  bi-  dimensionnel  en 
oscillation  de  tangage  (fig. 9). 


La  balance  rotative  de  I’IMFL  a  done 
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congue  pour  slmuler  notanment  des 
mouvements  de  type  vrllle.  Le 
paramdtre  A,  angle  entre  les  vecteurs 
rotation  et  vitesse  correspond,  pour 
un  mouvement  de  maquette  &  centre  de 
gravity  Inmoblle  &  1* amplitude  des 
agitations  coupldes  (a  ;  Q)  se 
superposant  au  mouvement  moyen 
statlonnalce  de  la  vrllle. 

Mals  ce  paramdtre  est  aussl  par 
definition  une  variable  adrodynamlque . 
II  peut  done  etre  calculd  ft  tout 
Instant  au  cours  d’un  essal  en  vol  de 
vrllle  de  1 'avion.  La  figure  10 
prftsente  1 'evolution  du  couple  (a,l) 
au  cours  d'une  vrllle  qul  se  stabilise 
aprfts  agitations  ft  une  Incidence 
moyenne  de  40°  environ  ;  le  paramfttre 
1  est  alors  volsin  de  2°  ce  qul 
traduit  un  regime  trfts  legftrement 
osclllatolre .  Mals  11  faut  noter  que 
dans  toute  la  phase  d' entree  en  vrllle 

I  tend  vers  90°  ce  qul  correspond  ft  un 
mouvement  de  tangage  pur  ft  cabrer,  que 
le  pllote  donne  ft  1 'avion  pour  aller 
chercher  1 'Incidence  de  decrochage. 
Puis  par  1 'action  du  gauchlssement  et 
de  la  direction  le  mouvement  de 
rotation  en  roulls  et  en  lacet  devient 
preponderant  ;  le  paramfttre  X  dlmlnue. 
Mals  dans  toute  la  phase  transltolre, 
les  amplitudes  des  variations 

d' Incidence  et  de  X  sont  trfts 
importantes  et  la  valeur  llmlte  X'*20° 
de  la  balance  rotative  est  trfts 
largement  dftpassee. 

II  y  a  quelques  dlzalnes  d'annees 
1 'entree  en  vrllle  de  1 'avion 
constltuait  la  premiere  incursion 
-Involontaire-  dans  le  domains  des 
grandes  Incidences.  SI  aujourd'hui 
elle  n'est  provoquee  volontairement 
que  pour  des  besolns  de  certification 
ou  pour  I'acrobatle  aftrlenne,  elle 
n'en  demeure  pas  molna  Intftressante  ft 
etudler  car  11  y  a  une  bonne 
similitude  entre  la  dynamlque  de 

1' entree  en  vrllle  et  celle  d’une 
manoeuvre  de  type  polntage  de  I'aze 
avion  ou  d’un  dual-tour 
trl-dlmenslonnel.  La  figure  11 
peftsente  1’ evolution  temporelle  de  X 
au  cours  d’une  tells  manoeuvre 
(slmuiee).  L’lncldence  a  ete  limitee  ft 
35° .  La  valeur  de  X  rests  eievfte  et 
proche  de  90°  le  long  de  la 


tra jectoire. 

SI  la  balance  rotative  constltue  un 
moyen  prlvilegift  de  caractftrisatlon 
aftrodynamlque  ft  grande  incidence,  11 
prdsente  une  certaine  llmlte 
d’ utilisation.  Par  definition,  le 
mouvement  conique  prlvilftgle  en 
premier  lieu  la  rotation  autour  d’un 
axe  proche  du  vent:  Q-Pa,  taux  de 
roulls  aftrodynamlque .  En  function  de 
1’ Incidence,  11  se  projettera  selon  p 
ou  r,  taux  de  roulls  et  de  lacet, 
exprlmfts  en  axes  avion  et  qu’ll 
prlvliegle  done  par  rapport  ft  la 
vitesse  de  tangage  dont  1 ’obtention 
n'est  possible  que  si  on  met  la 
maquette  en  dftrapage. 

Par  allleurs,  les  variations  couplftes 
d’ Incidence  dftrapage,  obtenues  en 
mouvement  conique  osclllatolre 
indulsent  des  effets  aftrodynamiques 
qul  ne  sont  gftnftralement  sftparables 
qu’aux  faibles  Incidences. 

Enfin  les  effets  ds  montage, 
interaction  maquette-  dispositif 
peuvent  en  particulier  6tre  source  ft 
grande  Incidence  du  dftcrochage 
prdmaturft  des  surfaces  portantes, 
surtout  dans  le  domaine  des  faibles 
vltesses  (V<40m/s). 

L’fttude  11  y  a  une  dlzaine  d’annftes 
d’un  dispositif  de  soufflerie 
solllcltant  une  maquette  selon  les  3 
axes  p  q  et  r  a  montrft  la  difficult^ 
d’ interpretation  des  rftsultats  de 
mesures  du  fait  d’une  discretion 
serodynamlque  Insufflsante  du  montage. 

Le  BKmtage  dynaatlque  *pqr* 

C’est  pour  ces  raisons  que  I’IMFL  a 
dote  sa  soufflerie  horlzontale  basse 
vitesse  d'un  outll  de  slaiulatlon 
dynaiaique  orlentft  vers  la 
caractftrisatlon  aftrodynamlque  d'une 
nmquette  lors  de  mouvements  ft  forte 
dynoBiique  de  tangage  (o— .  -  e00°/8}  et 
dessinft  de  fafon  ft  mlnimlser  les 
Interactions  avec  la  maquette 
(fig. 12). 

Ce  montage  reprodult  clnftmatlquement 
les  degree  de  llbertes  assoclfts  aux 
angles  d’ Euler  couroasnent  utilises  en 
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m^canique  du  vol.  Lea  angles  T  (cap) 
et  «  (assiette  latdrale)  sont 
ajustables  ouils  constants  au  cours 
d'un  essai.  Le  degrd  6  (assiette 
longltudinale)  est  motorlsd. 

L' ensemble  est  install^  dans  la 
soufflerle  horlzontale  de  I’IMFL,  de 
diametre  2.4  mdtres,  en  onflguratlon 
veine  ouverte.  La  maquette  est  montde 
par  un  dard  arrldre,  son  centre  de 
gravltd  est  Ismoblle.  L’ ensemble  a  dtd 
desslnd  de  fa^on  A  rejeter  hors  veine 
les  dldments  *lourds*  du  dispositii. 
L’utilisation  de  matdriauz  composites, 
a  la  fols  Idgers  et  rigides  pour  les 
parties  mobiles  (bras  et  dard)  a 
permls  d’obtenir  des  performances  tout 
a  fait  intdressantes .  Ses 
caractdrlstlques  sont  les  suivantes: 
-25®  <  T  <  +25° 

-15°  <  ♦  <  105° 

-90°  <  6  <  100° 

/0’/  <  500°/s 
/0"/  <  5000°/s 
V  <  50m/ s 

frdquence  ler  mode  structural:  13.5  Hz 
(masse  typique  maquette:  3.5  Kg) 

La  motorlsatlon  de  I'axe  en  0  est 
assurde  par  un  vdrin  rotatif 
hydraulique  capable  d’accdldrations  et 
de  vitesses  dlevdes. 

Les  posslbllltds  cindmatlques  de  ce 
dispositif  peuvent  dtre  lllustrdes  par 
la  figure  13,  donnant  les  relations 
entre  les  angles  d’Euler  T  0  et  ®  et 
les  angles  a  et  b. 

II  apparalt  que: 

-  toute  variation  de  9  indult  unc 
variation  d' incidence  et/ou  du 
ddrapage  quels  que  solent  T  et  <$  ; 

-  a  nul,  le  domalne  -90°<a<100°, 
-25°<0<25°  peut  dtre  explord  en 
variations  d’ incidence  a  iso  ddrapage. 
Dans  ce  cas,  on  a  la  relation  q>HX*  ; 

-  a  4  dgal  a  90° ,  incidence  et 
ddrapage  sont  dchangds  alnsl  que  les 
taux  de  lacet  et  de  tangage.  r  et  0’ 
sont  lids  par  la  relation  r--0’  et  les 
effets  de  ces  paramdtres  peuvent  dtre 
caractdrlsds  Jusqu'i  25°  d'lncldence. 

Le  champ  d'dtude  offert  par  ce  montage 


est  done  multiple: 

-  En  statlque,  la  caractdrlsatlon  dans 
un  trds  large  domalne  d’lncldence 
(-100°<a<100° ) ,  pour  des  ddrapages 
Infdrleurs  a  25°  peut  dtre  rdallsde 
dans  d’excellentes  conditions 
adrodynamiques .  En  partlculler  au  deia 
de  40°  le  bras  en  fibre  de  carbone 
sort  totalement  du  champ  de  la  veine 
d'expdrlence  de  la  soufflerle. 

-  L’ Identification  de  certains 
paramdtres  de  stabllltd  a  falble 
Incidence  (a<25°)  est  possible.  Des 
termes  comme  (C^+C«,.),  (C„-C^.cosa) 
peuvent  dtre  calculds  pour  diffdrentes 
valeurs  de  1’ incidence,  par  des 
solllcitations  de  type  haimonlque 
d'amplitude  moddrde  en  q  (a')  ou  en  r 
(-0’). 

II  faut  noter  que  le  centre  de  gravltd 
de  la  maquette  demeurant  fixe  dans  la 
veine,  I’dcriture  d’une  sccdldration 
nulle  en  ce  point  r(g)“0  conduit  a  des 
relations  Intrlnsdques  entre  les 
variables  adrodynamiques  et  en 
partlculler  entre  0’ ,  a,  p  et  r  : 

0’+rcosa-psino”O 

Comme  pour  les  essals  sur  balance 
rotative,  soumls  a  la  mdme  contralnte, 
ce  montage  n’apporte  pas  la 
posslbllltd  de  ddcoupler  les  effets  de 
p,r  et  0’.  Par  centre,  11  rdalise  une 
solllcltatlon  dlffdrente  a  I’lntdrieur 
de  cette  relation  et  a  ce  tltre  est 
tout  a  fait  compldmentalre  du  montage 
tournant  puisqu’ll  permet  par 
comblnalson  des  types  d’ essals, 
d’augmenter  les  prdclsions  sur  deux 
des  paramdtres  identlflables 
Cip+C^’Sinn,  Cj^,-Ci£>cosa  alnsl  que 
I’lllustre  la  figure  14. 

-  Les  effets  instatlonnalres  des 
variations  d’ incidence  peuvent  dtre 
caractdrlsds . 

Le  dispositif  de  pilotage  du  mouvement 
a  dtd  ddtermind  de  fa(on  a  Imposer  une 
lol  B(t)  quelconque  dans  la  limite  de 
la  bande  passante  de  1 ’ensemble 
actlonneur+  partie  mobile+  maquette. 

En  partlculler  peuvent  dtre  rdallsdes 
(fig. 15)  : 

-  des  lols  slnusoldales 
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0(t,)-en+eHSin2irft. 

Les  valeurs  de  6),  et  de  f,  amplitude 
et  frequence  de  la  solllcitatlon  sent 
soumlses  aux  seules  contralntea: 

2irfeH<  500°/s  et  /0"^/- 
4iT^f^0H<  5000“ Is  et  dans  la  llmlte  du 
debattement  dlsponlble:  -1OO°<0<1OO° . 
Le  choix  d’une  amplitude  falble  (1  0 
2°)  et  d’une  frequence  de  I’ordre  de 
SHz  correspond  k  une  solllcitatlon 
typlque  de  dlsposltif  en  oscillations 
forc^es.  En  llailtant  la  frequence  k 
IHz  des  oscillations  de  tangage  de 
tr6s  grande  amplitude  (100°)  peuvent 
6tre  obtenues. 

-  des  lols  de  type  rampe  0-0o+0't, 

0 ’=constante . 

Ces  essals  sont  plus  s^vdres  que  les 
pr6c0dents  au  sens  ob,  pour  obtenlr 
une  vltesse  de  tangage  0*  constants 
sur  I’lntervalle  [0i.02l  le  plus  large 
possible,  11  faut  utlllser 
1 'acceleration  maxlmale  0'  lore  des 
phases  de  mlse  en  vltesse  et  de 
deceleration  avant  arrfit. 

-  des  lols  quelconques  0  (t). 

Celles'Cl  peuvent  6tre  cholsles  de 
fa;on  k  reprodulre  I’hlstorlque  de 
1' Incidence  d’une  manoeuvre  de  type 
polntage  de  I’axe  avion  &  grande 
Incidence  et  retour  au  vol  normal.  Des 
essals  en  vol  d’une  maquette  d’avlons 
d’armes,  realises  dans  les 
laboratolres  de  I’IMFL  ont  permls  de 
produlre  des  excursions  k  grande 
dynamlque  de  tangage,  par  braquage  k 
cabrer,  puls  k  plquer  des  eievons  et 
des  canards,  dont  1 'evolution  typlque 
de  1’ Incidence  est  tout  A  fait 
reproductible  sur  le  montage  *pqr" 
(fig. 3b). 

Tralteaent  des  essals 

Le  traltement  des  essals  provenant  de 
montages  de  simulation  dynamlque 
nAcesslte  une  attention  partlcullAre. 
Qu’elles  solent  produltes  par  une 
balance  rotative  ou  un  montage  'pqr*, 
les  mesures  sont  generaleoient 
entAchdes  de  bruits  parasites, 
correspondents  A  des  modes  structuraux 
des  aiontages,  fortement  solllcltAs 


lors  de  tels  essals. 

Sur  la  balance  rotative,  la  rotation 
en  cap  des  parties  tournantes  est 
continue  et  rAgullAre,  les  efforts 
pulsAs  de  la  gravitA  Atant  compensAs 
par  une  rAgulation  de  la  vltesse 
autour  d’une  valeur  nomlnale.  Les 
frAquences  propres  de  1’ ensemble, 
identlflAes  au  prAalable  A  chaque 
campagne  d’essai,  sont  gAnAralement 
supArleures  A  IS  Hz  et  done  aux 
frAquences  des  phAnomAnes 
Instatlonnaires  qui  nous  IntAressent. 
La  solllcitatlon  Atant  pArlodlque, 
I’Allmlnatlon  des  frAquences 
structurales  est  aisAment  rAalisAe  par 
un  traltement  FFT. 

Sur  le  montage  "pqr",  le  mouvement  est 
contrOlA  par  un  systAme  de  pilotage  de 
I’actlonneur  hydraullque,  prenant  en 
compte  des  Informations  de  presslon, 
de  vltesse  et  de  position  angulalre. 

La  commande  d’un  mouvement  donnA  est 
obtenue  en  appliquant  A  I’entrAe  de  ce 
systAme  la  conslgne  S,.(t)  A  sulvre.  Le 
mouvement  effectlvement  rAallsA  prend 
en  compte  la  function  de  transfert  de 
1 'ensemble. 

II  s’ensult  qu’A  une  lol  demandAe  0^ 
slnusoldale  correspond  une  lol 
effective  senslblement  de  mAme  type, 
mals  pouvant  comporter  de  lAgAres 
dlstorslons  sous  forme  d’harmonlques, 
falbles  en  amplitude  mals  non  nulles, 
et  qui  sont  mesurAes  par  la  balance. 
Traduites  sous  forme  d’ondulations 
rAslduelles,  elles  dlmlnuent 
lAgArement  la  prAclslon  de  la  mesure 
car  11  est  dAlicat  de  supprlmer  par 
traiteoient  ces  frAquences  qui  peuvent 
Atre  falbles  et  traduire  une  rAalitA 
aArodynamlque . 

Le  traltement  des  essals  de  type 
rampe,  ou  plus  gAnAralement  de  ceux 
pour  lesquels  une  lol  quelconque  est 
programoiAe,  s’apparente  A  celul  qu’on 
applique  A  des  essals  en  vol.  Un 
filtrage  passe  bas,  A  une  frAquence 
qu’il  faut  dAterminer  en  function  des 
rales  structurales  du  montage  et  des 
rAponses  A  des  solllcltations 
hamoniques  prAalables,  constltue 
I’approche  souhaitable. 
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Lors  d’essais  sur  des  montages 
dynamiques  en  soufflerie,  la  procedure 
classlque  de  traltesient  par  difference 
entre  un  essai  *avec  vent*  et  un  essal 
cinema tlquement  slmilaire  'sans  vent* 
n’est  pas  rigoureuse.  En  effet,  des 
efforts  aerodynamlques  falbles  peuvent 
resulter  d*un  mouvement  raplde  de  la 
maquette  dans  I’air  au  repos.  Cecl 
n’est  partlculierement  sensible  que 
sur  les  mesures  de  moments,  dans  le 
cas  oCt  le  c.g.  de  la  maquette  est 
malntenu  Immobile. 

On  substltue  k  cette  procedure  celle 
qui  conslste  k  calculer  les  efforts 
Indults  par  les  forces  de  gravlte  et 
d'lnertle  qul,  retranches  aux  efforts 
mesures  lors  d’un  essal  avec  vent, 
font  apparaltre  la  seule  contribution 
adrodynamlque . 

Cette  demarche,  tout  k  fait 
rigoureuse,  necesslte  au  prdalable  une 
identification  precise  des  parties 
pesees  par  la  balance  :  centre  de 
pesee,  moments  d’lnertle.  Cette 
Identification  est  possible  k  I’alde 
du  moyen  d’essais  lul-meme,  par  des 
essals  sans  vent  appropries. 

Cette  desiaxche  est  indispensable  pour 
le  traltement  des  essals  sur  le 
montage  *pqr*.  En  effet,  la 
reproductibllitd  rigoureuse  de 
I’hlstorique  6  (t),  au  cours  d’un 
essal,  n’est  pas  assurde  comoie  pour  la 
balance  rotative,  par  des  liaisons 
clndmatlques  Intrlnsdques.  Le  systdme 
de  pilotage  du  mouvement  est  Influence 
par  la  charge  adrodynasilque  lors  de 
1’ essal  avec  vent,  et  on  reldve  lots 
de  mouvements  de  type  'rampe'  de 
Idgers  dcarts  de  vltesse  6*  pour  la 
mdme  position  0. 

Le  montage  'pqr*  offre  une  bonne 
discretion  adrodynaailque  du  fait  d'un 
montage  de  la  siaquette  par  dard 
arriere  notamment.  En  centre  partle, 
le  bras  semi  elllptlque,  reprenant  en 
son  milieu  I’embase  du  dard,  objet  de 
mouvesients  amples  et  rapldes,  est 
sujet  k  des  ddforsiatlons  d’autant  que 
le  couple  moteur  eat  applique  A  une 
extreoilte  du  bras,  1 ’autre  etant  llbre 
en  rotation.  La  recople  de  position 
angulaire,  placde  k  proxisilte  de 


I’actionneur,  foumit  une  infonsatlon 
d'attitude  6^  qui  a  ete  comparde  k  des 
Informations  gyrcHsdtriques  et 
accdldrorndtrlques  en  provenance  de  la 
maquette.  Les  capteurs  embarquds  (deux 
accdldrometres  en  *Z*,  situds  k 
I'avant  et  d  I’arrldre,  et  un 
gyromdtre  en  tangage)  prdsentent  des 
slgnaux  corrdlds,  mals  Idgdrement 
dephasds  par  rapport  k  1’ Information 
de  position.  Ce  ddcalage  met  en 
evidence  la  deformation  dlastlque  de 
I’ensemble  bras-t  dard.  II  traduit  un 
dcart  pouvant  attelndre  environ  2 
degrds  entre  1 ’attitude  indlqude  et 
celle  rdelle  de  la  maquette  lors  d’un 
essal  sinusoidal  d ’amplitude  15°  et  de 
frequence  1  Hz. 

La  souplesse  du  montage  est  done  k 
Intdgrer  dans  le  traltement  de  la 
mesure.  Deux  demarches  sont  possibles: 

1-  Instrumenter  la  maquette  (d 
I’aide  d’une  instrumentation 
Idgdre  de  fa(on  d  limiter 
I’ajout  de  nmsse  et  done  la 
diminution  de  la  frequence  du 
premier  mode  structural)  ; 

2-  detenniner  par  le  calcul,  pour 
chaque  maquette,  la  deformation 
dynamique  de  I’ensemble  des 
parties  sxiblles  en  fonctlon  du 
mouvement  et  des  efforts 
mesurees  par  la  balance. 

Analyse  des  essals 

Une  fois  effectuee  la  phase  de 
traltesient  de  mesures,  la 
reconnaissance  des  pbdnaadnes 
Instatlonnalres  est  rdallsde  par 
1 ’analyse  des  coefficients 
adrodynasiiques  globaux  et  la  recherche 
des  parasidtres  Influents.  Comte  ddjd 
dvoqud  plus  haut,  les  phdnomdnes 
dynasilques  observes  sur  des  maquettes 
de  1 ’avion  complet  reldvent  de  la  mdme 
nature  que  ceux  aujourd’hul  bien 
reconnus  sur  des  prof 11s 
bl-dlmensionnels.  Rappelons  Id  les 
caractdclstlques  les  plus  marquAes 
depuis  les  figures  8,16  et  17, 
relatives  d  des  essals  sur  balance 
rotative . 

La  variation  raplde  d’ incidence  sur 
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une  maquette  d 'avion  Indult  des 
variations  de  force  de  portance  et  de 
moment  de  tangage,  tr6s  importantes  en 
module  et  dont  1 'amplitude  ddpend:  du 
sens  de  variation  de  1' incidence,  de 
1 'amplitude  et  de  la  frequence  de  la 
sollicitation  et  de  1' incidence 
moyenne  autour  de  laquelle  sont 
effectuds  les  essais.La  figure  6 
prdsente  1' influence  de  1' amplitude  et 
de  1' incidence  moyenne  sur  une 
gdomdtrie  d' avion  ft  alle  en  flftche,  la 
figure  16  celle  de  1' incidence  moyeime 
sur  une  maquette  d 'avion  ft  voilure 
delta  et  la  figure  17  celle  de  la 
frequence  sur  une  plaque  delta.  On 
constate  que: 

1-  1 'influence  des  variations 
d 'incidence  est  significative 
dfts  que  1' incidence  franchlt  la 
llmite  de  dftcrochage  statlque  ; 

2~  1 'amplitude  du  phdnomftne  crolt 
avec  1 'amplitude  des 
oscillations  et  avec  leur 
frequence  ; 

3-  la  montfte  rapide  en  incidence  a 
pour  effet  de  prolonger  la 
caractftristlque  statlque  bien  au 
delft  de  1' incidence  de 
dftcrochage  statlque. 

Comme  pour  un  prof 11,  le  phftnomftne 
apparalt  directeoient  pllotft  par  la 
vitesse  de  variation  d'lncldence. 

Cette  similitude  semble  Indiquer  une 
falble  dftpendance  des  coefficients 
longltudinauz  vis-ft-vls  du  dftrapage  et 
des  taux  de  rotations  p  et  r 
nftcessairement  non  nuls  lore  des 
essals  conlques  oscillatolres  et  done 
ft  la  nature  hftlicoldale  de 
I'ftcoulement  moyen  autour  de  la 
maquette . 

Les  figures  18  ft  20  peftsentent  les 
traefts  d' essals  Issus  du  montage 
dynasilque  'pqr' ,  rftallsfts  sur  une 
maquette  d 'avion  ft  voilure  delta. 

Elies  illustrent  respectivementi 

1-  1' effet  d'lncldence  moyenne  lors 
d'essais  sinusoldaux, 
d'amplltude  10*.  Cos  courbes 
peuvent  fttre  coaqwrftet  ft  celles 
de  la  figure  18  relative  ft  des 


essals  conlques  oscillatolres  de 
mftme  amplitude.  Bien  que  les 
mouvesients  soient  de  nature 
clnftmatiquement  dlffftrente, 

1 'apparition  de  phftnomftnes 
Instatlonnaires  de  grande 
amplitude  se  produit  dfts 
1 'incidence  de  dftcrochage 
statlque.  On  notera  ftgalement 
1' Inversion  de  la  stabilitft  en 
tangage  (donnfte  par  le  sens  de 
parcours  des  essals)  ; 

2-  1  'effet  de  trfts  grande  amplitude 
(A»30°)  lors  d'un  essal  ft  1  Hz 
(fig. 19)  : 

3-  I'effet  de  deux  solllcltatlons 
de  type  ‘rampe*,  rftallsant 
I'une,  le  parcours  [0°,60‘’]  en 
incidence,  1' autre  le  parcours 
inverse  (fig. 20).  La  vitesse  de 
tangage  est  comparable  ft  celle 
de  I'essal  prftcftdent  ft  environ 
30°  d'lncldence.  II  est 
Intftressant  de  noter  que  les 
effets  instatlonnaires  dans  ce 
cas  sont  encore  plus  importants. 
Bn  partlculier  la  rampe  en 
incidence  dftcrolssante  ne 
rejoint  pas  la  caractftristlque 
statlque  avant  la  fin  de 
I'essai.  Cecl  soullgne  une  fols 
de  plus  1*  importance  de 
I'historique  a(t)  dans  le 
ccanportestent  de  I'ftcoulement  sur 
les  surfaces  portantes  de  la 
siaquette. 

Les  caractftristlques  latftrales,  au 
travers  des  coefficients  globaux  Cy, 

Cl  et  Cn  prftsentent  une  plus  grande 
'rftsistance*  ft  I'analyse.  Issus 
d'essais  sur  la  balance  rotative,  les 
effets  conjugufts  de  1' Incidence  et  du 
dftrapage  viennent  se  superposer  ft  ceux 
supposfts  de  p,r  et  fi’  et  compllquent 
ainsi  1 ' Interprfttation  des  courbes 
coniBe  celles  de  la  figure  21. 


Modftllsation 

L’analyse  des  effets  instatlonnaires 
sur  les  coefficients  aftrodynamiques 
globaux  swsurfts  sur  la  balance 
rotative  connw  sur  le  swntage  'pqr*  a 
done  Bxmtrft  le  rfile  prftpondftrant ,  en 
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ce  qui  concerne  les  caractiristiques 
longltudinalea ,  de  la  vltesse  de 
variation  d’ Incidence  at’.  La 
dllflcultd  d'analyse  dee 
caractdristlques  latdrales  nous  amfene 
k  falre  quelques  hypotheses  afin 
d’dlaborer  une  donnde  molns 
'hermdtlque*  h  la  comprehension. 

On  fait  done  I’hypothdse  que  les 
effets  pureawnt  Instatlonnalres 
(Induits  par  la  variation  rapide  de  a 
ou  Q)  vlennent  s’ajouter  k  ceuz 
mesurds  lors  de  sollicltatlons 
statlonnalres .  Cette  hypothese 
d’addltlvltd  des  effets  nous  permet 
d’dcrlre  que  la  contribution 
Instatlonnalre  ACl  peut  etre  calculde 
par  : 

dCl*Cl  global  ■  aodila  ataeioiiiiaira 

La  partle  statlonnaire  dolt  done  avoir 
etd  caractdrlsde  et  moddllsde  par 
allleurs  de  fagon  k  tradulre  les 
effets  statlques  (Incidence,  ddrapage, 
gouvernes)  alnsl  que  les  effets  de  la 
rotation  statlonnaire  (termes  Induits 
par  la  vltesse  de  roulls  en  repdre 
adrodynaailque ) . 

Le  traltesient  des  essals  conlques 
osclllatolres  s’appuie  done  sur 
d’autres  essals,  statlques,  et 
conlques  non  osclllatolres,  foumls 
par  le  mBme  moyen  d’essai.  Par  centre 
le  traltement  dee  essals  osclllatolres 
du  montage  'pqr*  fait  ndcessalrement 
appel  k  des  essals  statlonnalres  qul 
ne  peuvent  dtre  foumls  par  la  meme 
Installation. 

L’dlaboration  d’une  donnde  traduisant 
I'effet  pureaient  Instatlonnalre  a  dtd 
rdalisde  pour  les  coefficients 
longitudinaux  et  latdrauz.  La  figure 
22  prdsente  les  tracds  des 
contributions  instatlonnalres  kCz  et 
kCm  pour  diffdrents  essals  conlques 
osclllatolres  en  fonction  de 
1’ Incidence. 

L'hypothdse  d’additivltd  ne  semble  pas 
Stre  remise  en  cause  sur  ces 
caractdrlstlquea  longltudinalea. 

Cheque  essai  prdsente  la  forsM  d’une 
courbe  fermde  senslbleswnt  elliptique 
dont  la  disMnslon  et  I’lnclinalson 


ddpend  de  1 'Incidence  et  de 
1 ’amplitude.  II  apparalt  done  que 
I’approche  de  la  m^dllsatlon  de  ces 
effets  par  fonction  de  transfert  est 
envisageable . 

Les  courbes  de  la  figure  23. a  sont 
relatives  aux  contributions 
Instatlonnalres  en  moment  de  roulls 
ACl,  traedes  pour  diffdrents  essals  en 
fonction  du  ddrapage.  Le  paralldlisme 
que  I’on  est  naturellement  enclln  A 
dtabllr  entre  les  coefficients 
transversaux  et  la  variable  &’  ne 
permet  pas  de  mettre  Icl  en  dvidence 
de  fagon  aussi  claire  1’ Influence  des 
diffdrents  parastdtres  sur  les 
contributions  latdrales.  A  cela 
plusleurs  raisons  sont  possibles:  non 
valldltd  de  l’hypothdse  d’addltlvltd 
des  effets  adrodynamlques;  Influence 
slmultande  de  plusleurs  variables 
adrodynamlques  a,  b,  Q’ ,  p,  r,... 

Le  tracd  d’ essals,  ndcessalrement  en 
nombre  limitd,  dans  un  plan  (ACi,13)  ne 
donne  qu’une  vue  trop  parcellaire  de 
1 ’Information  contenue  dans  1 ’ensemble 
des  essals.  Une  autre  approche 
consists  k  projeter  la  base  de  donndes 
dans  un  espace  A  plusleurs  dimensions 
(ACi,o:a,B’ ,1)  et  A  vlsualiser 
diffdrents  plans  (AC1,B’)  en 
paramdtrant  les  autres  variables.  La 
figure  23. b  prdsente  la  contribution 
Instatlonnalre  ACl  en  fonction  de  B’ , 
pour  tous  les  essals  de  faible 
amplitude  X~2*  et  pour  diffdrentes 
valeurs  de  1’ incidence  moyenne  0^.  Cet 
dclairage  partlculler  soullgne  la 
ddpendance  ’attendue*  A  la  vltesse  de 
variation  de  ddrapage  B’,  tout  en 
faisant  apparaltre  1’ Influence  de  la 
valeur  moyenne  de  1 ’incidence. 

Cette  approche,  telle  qu’elle  a  dtd 
icl  rdalisde,  enlAve  toute  notion 
temporelle  A  1’ analyse.  Celle-cl  peut 
cependant  Btre  introduite  par 
I’adjonctlon  parml  les  variables  de  la 
ddrlvde  tesiporalle  des  quantltds  ACl. 

Hoddllsation  par  Interpolatiom 

Cfwsne  nous  I’avons  dit  plus  haut,  la 
moddlisatlon  des  effets 
instatlonnalres  peut  dtre  approchde 
par  des  fonctlons  de  transfert.  Avant 
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de  ddvelopper  ce  point,  cltons  une 
autre  posslbilltd  orlginale,  qul  peut 
etre  envlsagde  dds  1* Instant  ob  une 
base  de  donndes  'Instatlonnalres* 
Importantes  peut  Stre  obtenue.  Elle 
conslste  A  approzlmer  lea  effete 
Instationnalres  qul  apparalssent  le 
long  d’une  trajectolre  de  I’avlon, 
caractdrlsde  par  son  dtat 
adrodynaisique 

x>'^(a,fi,p,q,r.8J. . . )  et  de  sa  ddrlvde, 
par  ceux  qui  sont  gdndrds  au  cours 
d’essais  conlques  osclllatolres 
'tangents*  (Incidence  et  ddrapage 
moyens,  amplitude,  vltesse  de 
rotation)  et  qui  sont  calculds  au 
point  de  tangence  par  interpolation 
depuls  des  essals  conlques 
osclllatolres  volslns  dlsponlbles  dans 
la  base  de  donndes  (figure  24) 

Cette  approche  ne  fait  pas  apparaltre 
expllcltement  la  notion  de  temps, 
autrement  que  par  la  prise  en  compte 
des  ddrivdes  a’  et  fl’. 

Elle  prdsente  naturellement  une 
certalne  restriction  pulsqu’elle 
consists  k  projeter  I’dtat  de  I'avlon, 
ddflnl  dans  un  espace  &  n  dimensions 
sur  une  hypersurface  dont  les 
Equations  sont  celles  des  liaisons 
cindmatlques  de  la  balance  rotative. 

De  mSme,  en  s'appuyant  sur  la 
slsiilltude  d'un  oiouvement  de  I’adronef 
avec  une  rotation  conlque  osclllatolre 
elle  prlvlldgie  les  aiouvements  de 
nature  hdllcoldale  (vrllles,  tonneaux) 
au  detriment  de  ceux  ob  la  vltesse  de 
tangage  devient  Importante  (ressource, 
ddpolntage  axe  avion). 

Cette  approche  a  par  contre  I'avantage 
de  ne  pas  faire  appel  ft  une  structure 
de  modftle  partlcullftre  et  de  calculer 
les  efforts  aftrodynaadques  directement 
depuls  les  mesures.  Actuellement  ft 
I’fttude,  1 ' Intftgratlon  dans  la  base  de 
donnftes  d’essais  issue  du  montage 
dynamique  'pqr*  devrait  penaettre 
d'ftlargir  le  domalne  de  vallditft  de  ce 
type  de  smdftllsatlon. 

Moddlleation  per  fonctlon  de  tranefert 

L’ analyse  des  contributions 
instationnalres  et  1 ’influence  des 


diffftrentes  variables  penset 
d’envlsager  pour  les  caractftrlstlques 
longitudlnales  la  siodftlisatlon  de  ces 
contributions  par  une  fonction  de 
tranefert  H  dont  I’entrde  sera  la 
Vitesse  de  variation  d’lncidence  a*, 
et  dont  les  dlffftrents  paramfttres 
peuvent  dftpendre  des  variables 
adrodynaaiiques  reconnues  comne 
senslblllsantes  (incidence,  1,...) 
ainsl  que  des  gouvemes. 

Consldftrons  une  fonctlon  de  transfert 
simple  du  preaiier  ordre.  Lorsque 
1* incidence  est  faible,  cette  fonctlon 
se  rddult  ft  un  tense  de  gain  qul  n’est 
autre  que  le  paramfttre  de  stabllltd 
Ci„.  d’un  modftle  llnftalre.  Aux 
incidences  plus  ftlevftes  la  constants 
de  temps  de  la  fonction  H  est  non 
nulle  et  permet  de  tradulre  le 
dftcalage  temporel  entre  la  variation 
d’ incidence  et  I’effet  instatlonnalre. 

Un  ralsonneaient  Identlque  peut  fttre 
conduit  sur  les  caractftristlques 
instationnalres  latftrales  en 
substituant  ft  a’  le  tense  Q’ .  Mals  la 
complexitft  du  phftnomftne  en  latftral 
lisiite  les  possibilltfts 
d’identiflcation  d’une  fonction  H 
Ala  horde. 

ha  figure  25  qul  prftsente  la 
restitution  d’un  essai  conlque 
osclllatolre  par  un  tel  modftle, 
comparfte  ft  la  mesure  des  coefficients 
globaux  Cz  et  (te  lllustre  le  fondesent 
de  la  structure  de  la  fonction  H 
cholsie. 

Corrftlation  avec  lea  phtooaftnea 
inatatlonnaires  ft  ftchelle  avion 

Le  problftme  de  la  validation  des 
mesures  effectuftes  sur  une  maquette  ft 
ftchelle  rftdulte,  et  de  leur 
transposition  au  phftncoiftne  ft  grandeur 
rftelle  a  trouvft  une  illustration  par 
1 ’exploitation  d’assals  en  vol  de 
vrilles  de  1 ’avion  coneidftrft 
suffisaamwnt  instrumentft  pour  qua  soit 
poBsible  la  restitution  de  1 ’ensemble 
dee  variables  et  des  coefficients 
aftrodynamiques  au  cours  du  vol. 

La  figure  26  prftsente  I’ftvolution  de 
1’ incidence  au  court  d’un  sxMivament  de 
vrilla  stablllsfte  qul  coaqmrte  des 
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agitations  iisportantes  dont 
1 'amplitude  peut  atteindre  20".  Par 
ailleurs  ont  dtd  tracdes  au  cours  du 
temps  lea  Evolutions  du  coefficient  de 
force  normale  Cz  issu  du  vol  et  de 
celui  calculE  par  le  laodEle.  Dans  un 
cas  il  s’agit  d’un  module 
adrodynaadque  stationnaire  de  1 'avion, 
dans  I'autre  cas  d'un  module 
adrodynaaiique  instationnaira,  modules 
identifids  depuis  lea  essais  sur  la 
balance  rotative. 

II  apparalt  d'une  part  que  les  effete 
instatlonnalres  en  vol  aont  Importante 
en  aiodule  et  d' autre  part  que  la  priae 
en  coiopte  de  cea  contributions 
instatlonnalres  mesurdes  en  soufflerle 
permettent  de  rddulre  slngulldreoient 
lea  dcarta  avec  le  vol. 

Conclusion  et  perspectives 

L' extension  du  domalne  de  vol  des 
avlons  d'armes  et  la  recherche  d'une 
manoeuvrabilltd  et  d'un  contrOle  plus 
large  conduit  ndcesaalrement  les 
mdcanlclens  du  vol  d  a'lntdresser  aux 
Evolutions  de  I'adronef  d  grande 
incidence,  Evolutions  pouvant 
prdsenter  une  grande  dynamique  sur  les 
dlffdrentes  variables  caractdrlsant 
I'dtat  de  1 'avion. 

Dans  ce  contexts,  les  montages  de 
simulation  dynamique  de  soufflerle 
prdsentent  un  grand  Intdrdt  pour  la 
caractdrlsatlon  des  phdnosidnes 
adrodynamlques ,  indlspensables  pour 
prddlre  le  comportement  de  1 'avion 
"planeur*  et  1 'Elaboration  des 
comoiandes  de  vol  exploltant  tout  le 
potentlel  adrodynamique  de  I'adronef. 

Avec  les  moyens  d' essais  que  sont  la 
balance  rotative  et  depuls  peu  le 
montage  dynasilque  "pqr*,  I'IMFL  offre 
cette  posslbilitd,  en  prlvlldgiant 
pour  I'un,  les  solllcltatlons  en 
dcoulesient  sioyen  hdllcoXdal  (taux  de 
roulls  adrodynaad.que  important)  et 
pour  I'autre  la  slsMlation  des 
stouvesMnts  d  forte  dynasdque  de 
tangage . 

L'analyse  des  essais  Instatlonnaires, 
rdallsds  sur  des  swquettes  d 'avlons 
sxmtre  la  slaUlltude  des  phdnosidnes 


avec  ceux  bien  connus  relevds  sur  des 
profils  bi-dimensionnels  et  dont  le 
ddcrochage  dynamique  constitue  une 
llustration. 

L* importance  des  effets 
instatlonnalres  conflnae  la  ndcessitd 
de  leur  prise  en  compte  dans  un  moddle 
d'dvolutlon  du  vol  de  1 'avion.  La 
Bioddllsatlon  adrodynamique  globale  des 
phdnamdnes  peut  dtre  rdallsde  sur  les 
caractdristiques  longitudinales  et 
I'approche  par  fonction  de  transfert  d 
coefficients  non  constants  constitue 
une  ddmarche  satisfaisante.  Leur  prise 
en  compte  a  permis  de  rddulre  de  faqon 
significative  les  dcarts  sxiddle-Biesure 
aux  cours  d' essais  d  I'dchelle  avion 
de  vrille,  conflnnant  par  ailleurs  la 
rdalltd  des  phdnomdnes  instatlonnaires 
sur  1' avion. 

Les  caractdristiques  instatlonnaires 
latdrales  siesurdes  sur  balance 
rotative  sont  plus  dlfflciles  d 
analyser  en  raison  de  1' influence  de 
plusleurs  variables  dvoluant 
simultandswnt.  Les  solllcltatlons  plus 
pures  (en  ddrapage,  en  incidence) 
facillteraient  leurs  comprdhension. 

Les  ddvaloppesients  expdriawntaux 
actuellement  envisagds  concement  le 
nouveau  siontage  dynasilque  'pqr* . 
L'utllisation  d'un  dard  coudd 
pensettra  de  solllciter  une  maquette 
an  ddrapage  d  grande  incidence.  La 
motorlsation  du  degrd  de  llbertd  P 
(axe  de  roulls)  donnera  la  posslbilitd 
de  rdaliser  des  Evolutions  plus 
complexes  en  ddrapage.  Le  siontage 
justiflera  plelnesient  son  nom  ('pqr') 
par  la  rdallsatlon  de  solllcltatlons 
selon  ces  trols  axes  (su  lieu  de  deux 
actuelleswnt) . 

Outre  I'asidlioratlon  des  procddures 
d' essais  (notasment  par  la  prise  en 
compte  par  le  calcul  des  ddformdes  du 
■mintage  sous  charges ) ,  cette 
installation  pourrait  dtre  utlllsde  en 
contrAle'actif '  pour  une  simulation  de 
la  trajectoire,  c'eat  d  dire  en 
Imposant  les  variations  d’ attitude 
qul  respectant  1’ Equation  de  swmsnt  de 
tangage  (Bq’-M). 

L'utllisation  d'une  swquette  dont  les 
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gouvernes  sont  motoris^es  devra 
pennettre  de  valider  une  lol  de 
coamande  pour  la  realisation  d'une 
trajectolre  (evolution  a(t) )  donnee. 

Bnfln  le  developpeaient  des  essala  en 
vol  de  maquettes  sera  poursulvl,  afln 
de  permettre,  k  I’echelle  de  la 
maquette  la  validation  d*un  nodeie 
aerodynaailqua  eiabore.  Cette 
validation  s’appule  sur  la  correlation 
entre  le  comportaownt  observe  en  vol 
et  celul  prevu  par  la  simulation. 
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SCALE  MODEL  MEASUREMENTS  OF  PIN  BUFFET 
DUE  TO  VORTEX  BURSTING  ON  F/A-18 

by 

C.  A.  Martin  and  D.  H.  Thompson 

AERONAUTICAL  RESEARCH  LABORATORY 
DEFENCE  SCIENCE  AND  TECHNOLOGY  ORGANISATION 
MELBOURNE,  AUSTRALIA 


Summary 

T«st(  have  been  carried  out  on  acale  modek  of  the  F/A-18 
in  a  wind-tunnel  and  in  a  water  tunnel  to  Inveetifate  the 
characteristics  of  tidl  buffet  due  to  burstina  of  the  wine 
leadlnt  edas  exteuion  (LEX)  vortices.  The  wind-tunnel 
pioframme  corarad  the  measurement  of  nnsteady  surface 
pressuree  and  accelerations  at  the  tul  of  a  l/9th  scale 
model,  for  cnee  with  and  without  the  LEX  fences  fitted. 
Flow  visualisation  of  the  vortsa  behaviour  was  carried  out 
uaina  smoke  and  a  laser  liaht  sheet.  Extensive  flow 
visualisation  tests  were  also  carried  out  on  a  l/48th  scale 
model  in  a  water  tunnel  to  inveatiaate  the  effects  of  enpne 
intake  flow  and  of  tha  LEX  fence  on  bunt  characteristics. 
Various  aspects  of  these  test  proarammea  are  covered  in 
thk  paper. 

1  £atroduction 

The  severe  buffet  experienced  at  the  tail  of  the  F/A-18 
doe  to  vortex  burstina  is  an  example  of  a  aenerk  problem 
that  can  occur  on  aircraft  which  employ  vortical  flows  to 
generate  lift  at  hiah  analea  of  attack.  A  substantial 
reduction  in  buffet  on  tha  F/A-18  was  achisved  by 
installina  fences  on  the  upper  surface  of  the  wina  leadina 
edae  extensiona  (LEXes)  to  mo^fy  the  vortical  Bow  field. 
Considerable  lessaich  is  brina  carried  ont  to  undentand 
the  nature  of  vortex  breakdown  and  also  to  characterise, 
for  the  F/A-18,  the  resuftinf  piessuie  field  and  its 
influence  on  atroetural  response. 

At  tha  Aaroaaotical  Hsassrch  LaboratOTy  the  physical 
mechanisms  onderlyina  vortex  breakdown  are  beina 
iimstlastsd  nsina  a  nnnAer  of  approaciias,  inehidina 
computational  methods  and  ednd  and  iratar  tunaal 
faciUtias.  Basaarch  has  baaa  raportad  in  Raferenoa  (1|  on  a 
compotatiooal  fanrastiaation  of  vortex  biaakdown  in  a  flow 
sitostioa  artth  simple  boundary  coodftiasa.  bi  this  paper 
rasolts  hum  ineestitatioas  of  vortex  breakdown  on 
arind-tnnnri  and  watar-tnnnel  modslt  of  tha  F/A-18  an 
disensssd.  The  wind-tnnnal  piopinimss  covered  the 
maasuramsnt  of  unsteady  pisssuiea  and  fin  vibrations  for 
cases  Witt  and  arithout  tha  LEX  tsnea  flttsd.  Flow 
vkuaHestiori  of  the  vortex  bttarioor  was  eairisd  out  nring 
aaaofea  ad  tiaar  fight  shast.  Tbs  watar  tunaal 
fanustliattan  nssd  both  dye  mtt  hydWBa  bnbbis 
tachaigaai  to  MaoUiy  the  axial  poritia  of  the  vnrta 
baaah^n  of  the  LEX  voetlesn  and  to  InvssHgats  ties 
sakels  of  sNtta  IbM  flow  amfl  tts  oCki  of  tta  LEX  tacm 
a  flow  flsM  bohivkstr.  DnWhof  ttnehaagmintlis 
vortw  flnsr  AM  an  pnottid.  Ibrthtr  dotafli  oftts 
msdal  tasis  aia  Wtilsains  tl|  tnfl  W. 


2  Wind  'numel  Tastg 

2.1  Model,  Twt  Equipment  and  Test 
Procedures 

A  1/Oth  scale  model  of  the  F/A-18  aircraft  was 
constructed  at  the  Aeronautical  Research  Laboratory  for 
testing  in  the  Laboratory’s  low-speed  wind  tunnel. 

Carbon  fibre  was  used  extenrively  for  fabrication  of  the 
fuselage  and  flying  surfaces.  All  flying  suifaces  were 
reinforced  with  high  tensile  aluminium  spars,  which  also 
formed  the  structural  sub-ftame  ud  load  attachment 
points  of  the  model. 

For  the  present  investigation,  a  wing  with  fixed-leading 
edge  (LA.)  flap  defiection  of  34*  was  designed.  This  L.E. 
flap  aa^  corresponds  to  the  flap  setting  for  flight  at 
angles  of  attack  greater  tha  2S.8*  ad  Mach  numbers  less 
tha  0.6. 

fbr  the  purposes  of  this  investigation,  the  port  vertical 
stabiliser  was  provided  with  three  pain  of  pressure 
tappingi.  Each  pair  consisted  of  typings  located  at  the 
same  spanwise  ud  chordwise  stations  but  on  opposing 
sides  of  the  fin.  This  arrangemrat  allowed  for  the 
measurarnat  of  differential  pressure  acaues  the  fin.  A 
single  presBun  tapping  m  the  outboard  side  of  the  fin  was 
located  alongside  a  fin  tip  accelerometer.  Two  surfocs 
mounted  preasun  transdneen  were  positiooed  on  the  port 
wing  upper  sutfoce  just  below  the  pontioo  of  the  vortex 
burst.  The  pressure  tappings  ud  transducer  locations  arc 
gnen  in  Figure  1. 

The  model  was  mounted  on  a  pHch/roU  rig  via  a  six 
component  strrin  gauge  balaace.  All  output  signals  bom 
the  tranaducen  were  recorded  ud  analyaed  on  a  Wcvetek 
804a  Fast  Fbnrier  Tranafonn  (FFT)  Analyaer.  Prior  to  the 
testa,  all  transdneen  were  calibtaM  against  a  Digiqnartx 
prassun  refotasica  of  knewn  accnracy  ud  checked  for 
thasmal  drfft.  All  transdneen  wen  {bad  to  be  within  IK 
of  calibratfoo  cartifleats  vaioas.  Mannfoctnran’ 
caUbratiw  cartiflesta  valnm  wen  used  for  all  data 
redactia  during  tha  test. 

The  tests  apva  eosMlncted  far  the  ARL  3.Tm  by  3.1m 
kw  tfmi  wind  tnnnsl  at  vefodUas  of  30  to  00  m/mc, 
correepaJng  to  a  dynamic  preasun  nags  of  380  to  3300 
Pa  and  Bsynolds  anrnban  tm  0.84  x  IIP  to  1.6  x  1(P 
based  a  tbs  mau  aatodynamic  chord  of  the  model. 
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2.3  EVequency  Characteristics  of  the 
Unsteady  Pressure  Field  in  the 
Vortex  Burst 

Umtesdy  pnanire  meuiiTements  from  two  tnnaducen 
mounted  on  the  port  wing  surfece,  ind  from  n  praeeuie 
trnneducer  end  nn  icceferometer  mounted  on  the  port  fin, 
see  Figure  1,  were  anniyeed  to  determine  the  frequency 
charecteriatice  of  the  vortex  bunt. 

Typical  Power  Spectral  Denaity  (PSD)  ceaulte  are 
presented  in  Figures  2  to  5  for  an  angle  oS  attack  of  28.S* 
and  for  a  range  of  tuimei  speeds.  The  PSD  plots  are  the 
average  of  30  eneembles.  The  results  show  that  the 
pressure  field  due  to  the  vortex  burst  contains  energy  over 
a  moderately  narrow  frequency  band.  The  band  width 
and  centre  fiequency  differ  slightly  between  the  wing 
surface  and  fin  locations.  However,  the  overall  fluency 
content  is  seen  to  be  a  strong  function  of  tunnel  speed. 

The  centre  of  the  energy  band  for  the  rear  surface  pressure 
transducer  wss  located  visually  using  the  analyser  cursor 
and  the  results  are  presented  as  a  function  of  turmel  speed 
for  a  range  of  angles  of  attack  in  Figure  0.  The  centre 
frequency  increases  linearly  with  increasing  tunnel  speed, 
and  the  gradient  increases  with  decreasing  angle  of  attack. 

Flow  visualisation  testa  and  wing  surface  unsteady 
pressure  measurements  were  carried  out  on  the  model 
with  the  fins  removed  as  well  as  with  the  fins  in  place. 

The  paeitkm  of  the  vortex  burst  eras  defined  for  a  range  of 
angles  of  attack  by  the  introduction  of  a  smoke  filament 
just  below  the  junction  of  the  forward  tip  of  the  LEX  and 
the  fuselage.  Results  of  the  fiow  viaualisathm  studies  were 
recorded  on  video  tape.  Figure  7  shows  that,  with  fins 
removed,  the  vortex  burst  point  moves  further  aft  for  the 
same  angle  of  attack,  while  the  bequency  analysis  shows 
that  the  centre  bequency  of  the  burst  increaeea 
(Figure  8).  These  changes,  due  to  removal  of  the  fins, 
shows  that  the  vertex  buret  characteristics  ate  sensitive  to 
the  downstream  pressure  field. 

Fkom  this  data,  which  covers  only  a  few  angles  of 
attack,  the  vortex  burst  position  and  the  burst  beqoency 
show  significant  correlation.  However,  both  parameters 
are  also  fnnctknis  of  angle  of  attack.  At  this  stags,  the 
underlying  dependencies  ate  not  yet  understood.  Further 
work  b  being  carried  out  on  simple  delta  wings  to  provide 
a  better  understanding  of  the  relationships  between  the 
angle  of  attack  and  the  burst  characteristics,  such  as  burst 
posHhm  and  burst  firoqumey. 

Time  correlation  cakoUtions  were  carried  out  on  the 
signals  ftom  the  two  vring  surface  pcsssnte  transducers 
which  were  located  100  mm  apart  in  a  atrsamwise 
direction.  The  conelstian  vras  calculated  hgr  applying  an 
inverse  Fourier  traruform  to  the  cross  power  spsetrum, 
which  had  previoosiy  been  obtaiaad  from  avnra^ag 
Frarier  transforms  of  thirty  snssmhlss.  The  rssuhfaig 
correlation  plot  providas  an  estimate  of  the  dominant 
frequency  in  the  pressure  field  and  also  an  esthnnte  of  the 
pressure  field  convactloa  vniocitr-  The  bsqoancy  estimstes 
agree  closely  with  those  ebtainsd  from  the  power 
spectrum  msmuienicnts  The  pteasnte  fiaM  convection 
velocity  la  ahosm  In  Figses  S  to  ha  OA  tiaam  the  fret 
stream  velocity  tor  tbs  case  at  23A*  angle  of  attack  and 
0.30  frm  stream  vsioeity  tor  38.5*  angh  of  attack. 

hr  anmraaty,  arralysis  of  the  serftes  preasero 
trtaasaranranta  shows  that  with  hr  rtsealng  angle  of  attack, 
the  vesta  berst  locattan  mavm  frit  ward  and  the  borst 
pteaaere  field  fratpiancy  and  convectloQ  eshrclty  dacraass. 


When  the  fins  ate  removed,  the  burst  location  aooves  aft, 
for  a  given  angle  of  attack,  and  the  burst  frequency 
increases. 

2.3  Fin  Renponne  to  Buffet  Excitation 

Using  a  single  accelerometer  mounted  as  shown  in 
Figure  1,  mewnrements  were  made  of  the  port  fin 
acceleration  response  to  identify  the  conditions  for 
mairiiniim  excitstion.  Surfrce  preosuie  measurements  were 
-!■«»  at  a  pressure  port  located  close  to  the 
sccelerometcs.  The  preesure  was  transmitted  through  a 
0.8  mm  LD.  plastic  tube  to  a  transducer  located  on  the 
fuselage  inboard  of  the  fin. 

Prior  to  the  wind-tunnel  programme,  vibration  teats 
were  carried  out  on  the  model  fin  to  establish  its 
structural  characteristics.  Only  the  primary  bending  mode 
was  investigated.  The  results  of  these  tests  are  presented 
in  Figure  10.  It  should  be  noted  that  the  model  fin 
structure  was  not  specifically  designed  to  match  full  scale 
stiffness  or  structural  dynamic  characteristics.  However, 
since  the  frequency  of  the  primary  bending  mode  of  88  Hs 
lies  within  the  range  of  frequencies  that  occur  in  the 
vorta  burst  of  the  1/Oth  scale  model  at  normal  tunnel 
speeds,  excitation  of  the  fin  would  be  expected. 

In  general,  the  magnitude  of  the  fin  response  will 
depend  upon  the  temporal  and  the  spatial  distribution  of 
energy  in  the  pressure  field  relative  to  the  fin  structural 
modes,  and  also  on  the  free  stream  dynamic  pressures. 

The  temporal  distribution  of  energy  in  the  pressure  field 
was  discussed  in  Section  2.3  where  it  was  shown  that  the 
centre  frequency  of  the  energy  associated  enth  the  vorta 
burst  0  a  iinear  function  iff  tunnel  free  stream  velocity 
and  also  varies  with  angle  of  attack  as  well  as  with  vorta 
burst  position.  The  instrumentation  was  not  sufficiently 
extensive  to  allow  simultaneous  pressure  measurements  to 
be  made  across  the  fin  surface.  Coiwequently  the  infiuence 
of  the  spatial  distribution  of  the  pressure  field  has  not  yet 
been  determined. 

To  account  for  the  effects  of  free  stream  dynamic 
pressure  the  measurements  of  pressure  and  acceleratioo  at 
the  fin  tip  have  been  normalised  with  respect  to  dynamic 
pressure.  In  Figures  11  and  12  the  value  of  the  normalised 
pressure,  measured  from  the  PSD  corves  at  the  fin  natural 
freqoacy,  and  the  peak  normaliKd  acceleration  response 
show  a  similar  variation  with  speed.  FVom 
these  figures,  the  peak  fin  responses  occur  between  35  and 
40  m/sec  for  the  38A’  angle  of  sttad  case,  and  at  around 
40  m/ssc  fat  tbs  31.5*  angle  of  attack  case.  Note  that 
these  data  are  msasnred  at  6  m/sec  intervals  and  so  the 
peak  locatiow  cannot  be  sstablUiad  accnratdy.  Based  on 
the  frequency  scaling  results  giva  in  Figure  8,  the  tunnel 
fra  stream  velocitia  at  which  the  peak  prassura 
frequency  matches  the  fin  natural  frequency  of  88  Hs  ate, 
35  m/sec  for  30A*  angle  of  attack,  and  40  m/ssc  frir  31.5* 
angle  of  attack.  Thaa  rasnlts  hidteate  that  wha  the 
rfiKt  of  dynamic  ptaasare  ia  taken  iido  account,  the 
maximnm  notmaltoad  fin  teapona  ocents  wha  the 
frequency  of  the  peak  ptmaare  flaid  ud  the  fin  natural 
frequancy  ate  apiireiimatsly  matched  Paak  accsiaratioa 
at  the  tip  of  tha  (a,  obtafawd  from  thns  hlatariaa,  wars  of 
the  order  of  130  'g’  far  the  ronditina  of  maximum 
excitation  This  coneapooda  to  a  In  t|p  aaplltada  of  844 
mm  at  the  fin  beading  frequancy  of  Mb.  Tbutoatial 
distrtbetia  of  praaauwa  will  ala  IMnans  the  fin 
rmpoaa.  Bowever,  ftwtkm  BMaanaatoa  of  dMuNatial 
j^eaaaiu  leading  w^d  be  laqaliad  to  datoendatka 
maguitads  of  this  lalamMS. 
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2.4  MMaurament*  with  Wing  LEX 
F«ttc«  Fittad 

With  tlw  LEX  toe*  fitted  the  pmmre  meMonmaita 
indketad  «  mulnd  change  in  the  vortex  bant  oaeteedy 
pmeon  field.  The  nugnitodei  of  the  anateedjr  pmeano, 
an  ndoced  ai(iiificantly>  Figon  13,  while  the  eaecgp  ie 
dietriboted  over  a  wider  finqoeiiey  band.  The  modified 
pneeun  field  prodocee  oignifieantljr  ndoced  fin  texpofiee, 
ae  ehown  bgr  the  leealta  in  Figon  14  for  an  angle  of  attack 
of  M.S*  and  vairing  aidaallp  angle. 

Flow  vieaalieation  meaeacementa  ahowed  little  change 
in  the  longhadinal  location  of  the  vortex  bniat  with  the 
fence  in  place,  ahhongh  the  vertical  location  and  general 
ahape  of  the  bant  region  waa  altered  elightijr.  Feeding 
smoke  into  the  Sow  beneath  the  LEX  and  oaing  a 
croae-fiow  laaer  light  aheet  confirmed  the  existence  of  a 
second  vortical  strocton  emanating  bom  the  leading  edge 
extension  alongside  the  fence,  Figon  15.  The  second 
strocton  intnacts  with  the  primaiy  vortex  and  also 
exhibits  banting.  Farther  invastigationa  an  needed  to 
provide  a  complete  explanation  tor  these  fiow  interactiona, 
and  for  the  significant  redaction  in  the  nsahing  preasnn 
field.  Complementary  fiow  vieoaUeatioa  raenits  obtained 
in  a  water  tunnel  an  described  in  Section  3. 

3  Water  Tlinnel  Teats 

S.l  Modal,  Test  Equipment,  and  Test 
Procedures 

A  1/48  scale  model  of  the  F/A-IS  was  need  for  the 
water  tunnel  teats.  A  standard  plastic  hobby  kit  waa 
provided  with  soi&ce  dye  ports  and  the  engine  inJets  wen 
connected  to  a  suction  pomp  throogh  individual  fiow 
meters  and  vaivea.  The  wing  leading-edge  and 
traifing-edge  fiapa  coold  be  fixed  at  varioas  defiection 
settings  and  the  borisontal  tail  sotfacee  could  be  lacked  at 
any  desired  defiection  angle.  LEX  fences  could  also  be 
attached  to  the  model 

The  tests  wen  carried  out  in  the  ARL  Flight 
Mechanics  Branch  horinontal-fiaw  water  tunnel,  which  has 
a  test  section  380  mm  wide,  510  mm  deqi,  and  1.53  m 
long.  The  model  was  mounted  inverted  on  a  sting  and 
C-strut,  and  positioaed  In  pitch  and  yaw  by 
remotety-ceotroDsd  DC  motors. 

fbr  fiow  vkuolltatioa,  Hquld  food  dyss  from  a 
prase ut lead  supply  could  be  injected  through  ports 
pesHionsd  at  locations  around  the  model  nose,  on  the 
fnaelags  sidaB  ahsad  of  the  enghie  inlets.  Just  beneath  each 
LEX  apex,  and  on  the  LEX  upper  and  kmer  surfaces. 

Flow  patterns  wen  elm  vieualbed  using  the  electrolytic 
generatioo  of  email  hydrogin  gas  bobbies  from  a  cathode 
strip  beneath  each  LK  leading  edge  to  act  as  low  trsoen. 

General  iilundnatien  of  the  model  and  dye  patterns  was 
providsd  by  lamps  mounted  beneath  and  far  of  the 
test  section.  A  fight  sheet  generated  by  a  laser  beneath 
the  test  osetioo  wm  need  in  coitjunctian  with  the  hydrogen 
bnbbim  to  Ulnmhiate  flow  patterm  in  a  crom  fiow  plane. 

Video  cameras  provided  aide,  plan,  and  croos  fiow  plans 
views  of  the  model  A  PC-bassd  image  piiiismliig  system 


bmakdoam  were  measured  directly.  In  addition,  most  fiow 
patterns  were  recorded  on  videotape.  Comantioiial  fihn 
photography  was  used  to  provide  higher  rjuality  hnagre  in 
aosne  cases. 

2.2  Effact  of  Engtain  Inlot  Flown 

On  the  F/A-18,  the  engiae  inlets  are  located  beneath 
the  LEX/wing  laading-edge  junction,  and  so  the 
possibiiity  exists  that  flow  into  the  inlets  mi^t  influence 
the  behaviour  of  the  vortex  above  the  LEX  in  this  te^on. 
Teats  were  carried  ont  in  the  water  tunnel  to  explore  this 
poatibllity.  Vortex  breakdoam  poaitiona  were  measured  for 
varioas  inlet  flow  rates,  and  the  rasnlts  ate  ahoam  in 
Figure  18.  The  Inlet  flow  rate  la  scalad  using  the  ratio 
Vt|V|,^  where  Vj  is  the  mean  velocity  through  the  inlet  and 
Vo  is  the  beastream  velocity.  Examination  of  F/A-18 
ffight  records  showed  that  during  a  typical  period  of  ur 
combat  manoeuvring,  lasting  for  some  100  seconds  at  full 
throttle,  the  urcraft  operated  at  angles  of  attack  greater 
than  15*,  and  at  estimated  inlet  velocity  ratics  greater 
than  3.0  for  more  than  50X  of  the  manoeuvring  period. 
For  nearly  20%  of  the  period,  the  estimated  velocity  ratio 
exceeded  4.0,  and  the  peak  value  was  about  5.5.  Figure  18 
shows  that  the  inlet  flow  does  have  an  effect  on  the  axial 
position  of  vortex  breakdown,  tending  to  shift  it 
downstream.  The  dovrastream  shift  inctcaaea  with  inlet 
velocity  ratio  until,  at  a  velocity  ratio  of  8.1,  the  shift  is 
about  20%  ci  the  model  length. 

The  effect  of  engine  inlet  flow  on  the  overall  flow 
structure  in  the  LEX  region  was  investigated  in  more 
detail  by  utjecting  dye  through  ports  in  the  starboard 
fuselage  side  beneath  the  LEX  and  ahead  of  the  inlets. 
Dye  was  also  htjected  through  a  port  beneath  the  LEX 
leading  edge,  outboard  of  the  engine  inlet.  Figure  17 
shows  dye  pattanu  obtained  ior  variona  inlet  flow  rates,  at 
an  angle  it  attack  of  30.5*.  With  l»  flow  into  the  inlet, 
there  is  a  tegian  of  conqrlex  flow  beneath  the  LEX.  Dye 
bmn  the  fuselage  porta  moves  fersard  along  the  fuselage 
aide  to  the  LEX  apex,  up  around  the  qwx  and  into  the 
LEX  vortex  cote.  Dye  bom  the  port  beneath  the  LEX 
leading-edge  nxms  outboard  beneath  the  LEX,  around 
the  leading-edge  and  into  the  vortex  syston. 

For  a  vslociqr  ratio  of  2.48,  the  separated  region 
beneath  the  LEX  has  disappeared.  Dye  bom  all  the 
fueelage  side  ports  morse  downstream  and  into  the  splitter 
slot  or  into  the  inlet  itoelf.  The  vortsK  breakdown  has 
ahiftad  downstreana,  and  the  vertex  core,  npatrsam  of  the 
bcaakdowa,  hm  been  dafkcMd  downwards  to  lie  roughly 
paralW  to  the  LEX  unpar  aesfiKS. 

Fbr  a  vebcity  ratio  of  8.1,  dye  bom  the  port  beneath 
the  LEX  leading  edge  is  eucM  Into  the  inlet.  At  high 
inlet  flow  ratm,  obeervation  of  hydrngtn  bnbbim 
lenaratad  along  the  LEX  bodlagwdga  Indlcatm  that,J«t 
ahead  of  this  <iys  port,  the  normal  upward  flow  aroa^ 
the  LEX  Isai&ig-edge  dom  not  occur.  In  bet,  fluid  pmam 
down  around  the  LEX  hodintsdga  bom  the  upper  to  tim 
lower  suttee. 


acquired  and  atorad  video  hnigm  bom  which  model  a^ie 
of  attack  and  the  poaHlon  of  flow  teturm  soA  m  vortax 
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Tile  eflect  of  inlet  flonr  at  an  inlet  eelocitr  ratio  of  8.1 
at  other  anglee  at  attack  ie  ehom  in  Fifarea  18  to  31.  At 
an  angle  of  attack  of  ISA*,  Fignrea  18  and  IS,  the  eortex 
core  is  deflected  inboard  and  the  Tortex  breakdoeni  haa 
ehifted  from  a  poeition  jnet  of  and  ontboard  of  the 
fin  Uiedini  odto  at  VjIVq  =  0,  to  a  poaHlon  behind  and 
inboard  of  the  leading-  edge.  At  an  angle  of  attack  of 
25.4*,  Fignre  30  and  21,  the  cortexponding  ehift  in  vortex 
breakdown  poeition  ie  from  jut  aft  of  the  wing 
leading-edge  /  LEX  jonctioa  to  jnet  ahead  of  the  fin 
leading-e<^. 

Flow  into  the  engine  inlet,  by  modifying  the  flow 
patteru  benuth  the  LEX,  may  be  cauing  local  changea 
to  the  effKtive  epanwine  camber  of  the  LEX.  It  hu  been 
shown  in  wind  tnnnei  Ileferenec|5|  and  water  tnnnel 
Reference|6]  teata  that  increuing  the  epanwiae  camber  of 
a  delta  wing  ahifte  the  vortex  breakdown  poeition 
downatream.  It  ia  poaeibte  that  a  similar  mechaniam  is 
producing  the  reanlta  obaerved  for  the  LEX  vortex  in  the 
present  testa. 

The  effect  of  inlet  flow  on  the  puition  of  vortex 
breakdown  may  be  aignificant  in  relation  to  wind  tnnnel 
testing.  Mat  wind  tnrmel  testa  of  the  F/A-18  ham  been 
performed  uing  flow-through  inlets.  The  water  tuimel 
tats  described  here  have  shown  that  it  may  be  neceaaary 
to  aimuiate  inlet  flows  to  model  accurately  the  behaviour 
of  LEX  vortex  breakdown  in  the  wind  tunnel.  At  ARL, 
appropriate  comparative  wind  tunnel  testa  with  inlet  flow 
aimulatioa  are  planned  to  check  on  this  point. 

3.3  Effect  of  LEX  Fenceg 

As  shown  in  Figure  23,  the  fitting  of  the  LEX  fenca 
bw  little  effect  on  the  vortex  breakdown  axial  position, 
confirming  the  wind  tunnel  test  results  described  above. 
However,  the  fenca  do  modify  the  vortex  system 
atroctnre  to  eorw  extent,  partkolarly  at  angla  of  attack 
in  the  range  15*  —  30*.  Fignra  33  to  36  show 
conqwratim  fence-off  and  fencoKm  aide  and  plan  viewa  for 
two  angla  of  attack.  At  an  angle  of  attack  of  18.5*, 
Figura  33  and  34,  the  fence  causa  the  development  of  a 
slight  spiral  fat  the  vortex  core,  which  is  deflected  initially 
upward  and  inboard,  then  downward  and  outboard.  The 
breakdown  itself  ie  shifted  ontboard  slightly.  At  an  angle 
of  attack  of  35.4*,  Fignra  35  and  38,  the  vortex  core  kink 
caused  by  the  fanra  is  still  preant  but  It  lea  ^ipatent 
than  at  the  lower  angle  of  attack. 

fbr  angla  of  attack  up  to  about  37*,  with  breakdown 
occnrrfaig  cloa  to  or  downstream  of  the  fena  posKlosi,  the 
physical  eppearana  of  the  hrakdnwn  h  alterad  by  the 
addition  of  fenca.  With  the  fenca  off,  the  breakduwn 
is  clearly  dafirad  a  a  euddn  drfocmatioa  and  expansion 
of  the  core  ift  filament.  With  the  fenca  fitted,  tte 
bisakdineii  appears  lea  distiact,  with  a  man  gradual 
thkhsaing  of  the  con  dyu  flament  upstream  of  the 
breakdown  propv  (Figura  33  and  35.) 

Tba  H  appsnts  that  the  fsronmbis  aflbet  on  fin 
dynamic  loading  prodoeed  by  the  fenca  it  not  the  tasuK 
of  any  mnja  axial  shift  in  vortex  bisakdowu  poahioo,  but 
cathn  is  dw  to  a  rhangi  tat  the  natun  of  the  flow 
downstraam  of  the  breakdown,  combined  with  a  sSght 
lateral  shift  la  the  position  of  the  besstdown,  at  least  at 
the  Iowa  angla  of  attack. 


To  investigate  further  the  behavionr  of  the  flow  in  the 
vicinity  of  the  fena,  the  hydrogen  bubble  techniqu  vru 
used,  in  ait|nnction  with  laser  sheet  iUomination.  In  a 
typical  case,  Fignre  27  shows  tneceasim  sections  through 
the  hydrogen  bubble  aheeU  a  the  light  sheet  is  moved 
doeniatteam  part  the  fena  iocaticoi.  Near  the  forward  end 
of  the  fena,  the  vortex  croa  section  is  typical  of  that 
above  a  delta  wing.  The  sheet  of  fluid  separating  from  the 
leading  edge  rolls  up  smoothly  into  a  spiral  vortex  above 
the  LEX  and  inboard  of  the  leading  ed^  Farther 
downstream,  in  the  vicinity  of  the  fena  mid-chord,  a  kink 
devefope  in  the  separated  aheet.  This  kink  develcpe  into  a 
»»^nnA  vortex,  of  the  same  eena  a  the  main  LEX  vortex. 
The  second  vortex  mova  inboard  and  upwards  over  the 
main  vortex,  then  downwards  on  the  inboard  aide  of  the 
main  vortex.  Ultimately,  tbs  two  vortica  merge.  Thea 
rcsnlte  parallel  the  obaervatiou  made  using  smoke  in  the 
wind  tunnel  tats  described  above.  The  interactron 
between  the  two  vortica  accounts  for  the  kinks  that 
devel)^  in  the  LEX  vortex  core  npetream  of  the 
breakdown  when  the  fenca  are  fitted,  and  afoo  for  the 
slight  outboard  displacement  of  the  LEX  vortex  con.  The 
interaction  of  the  two  vortica  may  affect  the  freqancy  of 
any  unsteady  flow  component  downstream  of  the 
breakdown,  and  way  thus  contribute  to  the  effectivenca 
of  the  fenca  in  reducing  fin  vibration.  The  technkina 
used  in  the  flow  visualisation  tests  described  here  did  not 
allow  the  detection  of  any  such  frequency  changa. 

When  attempting  to  measure  the  vortex  breakdown 
paition  with  feitca  on,  it  vma  found  that,  for  a  small 
angle  of  attack  range,  the  breakdewn  wa  not  clearly 
defined  by  dye  Iqject^  at  the  LEX  »f«x.  The  dye 
filament  in  the  vortax  core  ^>peared  to  deflat  and  epiead 
out  into  a  curved  ehert,  without  dieplaying  the  usual 
clearly  defined  stagnation  point  at  breakdown. 

To  study  this  flow  in  mora  detail,  dye  wa  mjected 
through  a  bole  on  the  LEX  underside  at  about  the  some 
chordwia  position  a  the  fena.  This  dye  psssed  ontboard 
beneath  the  LEX,  upwards  around  the  LI3C  lading  edge 
and  into  the  ewend  vortex.  Dye  wa  atao  iqiectad  through 
a  hole  on  the  LEX  uppa  anrfaa  upstream  of  the  fence. 
Dye  from  this  hole  passed  downatrsam  ova  the  LEX 
uppa  sorfea  and  into  the  aacond  vortex.  Some  examphs 
of  the  flow  patterns  observed  are  shown  in  Figure  28.  It 
wa  found  that  the  priiKipal  breakdown  wa  in  feet 
oaurring  in  the  aecond  vortex,  and  that  tbs  ddbctioii 
and  spreading  of  the  main  vortex  com  dys  wa  due  to  the 
core  deflating  and  ‘smearing’  around  the  breakdown  in 
the  second  vortex.  This  flow  pattern  wa  uhssrved  claarly 
at  relativuly  low  flow  velocitia  (about  30  mm/s),  and  for 
an  angle  of  attad  range  of  about  17*  —  33*.  At  higdrtr 
vsfocitia,  diffusion  and  mlxiiig  of  the  dye  fliaineuts  mads 
it  inyoasibls  to  dirtingaiah  which  vortax  broke  doaen  first. 
Howsvw,  hrakdowii  of  the  sscond  vortex  may  aceount  for 
the  (hangs  in  apparanrs  of  the  LEX  vortex  hreakdewn 
ansed  by  the  fitting  of  the  fence. 
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4  Concliuions 

Bq^ontiST  iiiea*iiieiii(nU  canted  out  tniiic  a  amall 
■minber  of  froqaoncy  pNoanre  traasdacen  and  a 
amall  accaknmeter  on  a  l/9th  acate  arind-ttmiMl  modal 
have  pcoaidad  aaloabk  inaifiit  into  the  character  of  the 
vortex  bant  and  aobaeqaent  fin  vihnUon  on  the  F/A-18. 
Pieaaara  maaeoiementa  made  on  the  wing  aorface  bdow 
the  vortex  bant  and  on  the  fin  ahow  that  the  bant 
pneaura  field  comtaine  energy  over  a  modenteljr  nanonr 
fraqaencj  bond.  The  centra  ftoquencp  of  the  energy  ia  a 
linear  iimction  of  bee  atream  velocity.  Fin  tip  acceleration 
meaaatementa  ahow  that  the  fin  bending  mode  reaponae  ia 
atnngiy  coopted  with  the  borot  characteriatic  faoquancy 
and  hence  with  bee  atream  velocity.  The  bncat 
charactarietic  baqnaacy  ia  aleo  modified  when  angle  of 
attack  ia  changad  or  when  the  fin  ia  ramoved.  Taata 
cartted  oat  arith  the  teeding  edge  axtanateo  fencer  fitted 
allowed  that  the  magnitoda  of  the  onataody  praaeutea  waa 
redocad  eigniflcantly  white  the  eneigy  extmided  over  a 
wider  beqoency  band.  The  aaanriated  fin  tip  acceleration, 
waa  rigiiMIceetty  radocod.  Flow  vteoafiaation 
meoanrementa  indicated  little  chengp  in  the  locatloa  of  the 
vortex  bant,  bat  confirmad  the  extetence  of  a  aecond 
vortical  atroctora  with  the  fence  in  place.  The  aecond 
atructon  interacta  with  the  primaiy  vortex  and  aleo 
exhibha  banting.  Coovlementaiy  fiow  vianaliaathm  taata 
in  a  water  tnnnel  generally  confirm  the  wind  tnnnal 
meaanrementa  of  vortex  breakdown  bant  poeitian.  The 
efiiact  of  the  LEX  fence  in  pradncing  a  aacond  vortex 
which  interacta  with  the  main  LEX  vortex  and  which  aleo 
ondergoae  banting  waa  alao  coafinnad.  Water  tonnel  taata 
alao  indicated  that  engine  inlet  Sow  coold  have  aotna  eifact 
on  the  poattten  of  vortex  bond.  Thii  will  reiioira  farther 
inveatigatioa  on  larger  acate  wind-tonnel  modeb. 
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Figure  24;  Effect  of  LEX  fenoe  oo  vortex  flom  over  P/A-18 
(Angie  of  Atteck  >  19.S  deg  (pUn  view)  LEP/TEF  »  »*/0*; 
Vo  =  M  mm/e;  V,/K  >  0) 


PWfICSWW  Oft 

Figure  25;  ESkI  of  LEX  (bob  oa  vocta  ffowe  over  F/A-18. 
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1.  IMTRODOCTIOM 

The  X-31A  high  agility  airplane  has  been  designed  to  operate  with 
excellent  aerodynamic  qualities  not  only  in  the  normal  flight 
regime,  but  also  at  high  angles  of  attack.  The  aircraft  has  been 
designed  to  have  natural  aerodynamic  stability  about  all  three 
axis  in  the  entire  angle  of  attack  range  -  except  at  small  angle 
of  attack,  where  the  aircraft  is  unstable  in  pitch  for  performance 
reasons.  In  some  critical  regions  in  which  the  natural  stability 
cannot  be  attained,  the  control  power  required  to  achieve 
stability  is  provided  to  the  appropriate  axis  by  artificial 
control,  still  leaving  sufficient  control  power  for  maneuvers. 

In  a  basic  wind  tunnel  development  program,  a  configuration  has 
been  tailored  which  fulfills  most  of  the  demanded  requirements  by 
aerodynamic  means.  Both  the  results  and  the  way  how  these  results 
were  obtained  will  be  presented  in  this  paper. 

Besides  this  static  behavior,  each  aircraft  has  dynamic  charac¬ 
teristics,  which  decide  whether  or  not  the  airplane  will  diverge. 
Additional  wind  tunnel  tests  has  been  conducted  in  a  spin  tunnel 
to  evaluate  these  characteristics.  An  analysis  of  the  data  is 
presented  including  steady  state  spin  modes. 

2.  BASIC  COMFIOORATIOM  DBVELOWIEirr  PROORAM  IM  THE  WIMP  TWIMEL 

At  the  very  beginning  of  the  post  stall  adventure  stands  a  basic 
paper  reporting  on  studies  to  identify  proper  high  angle  of  attack 
configurations  [1].  This  basic  research  started  with  a  modular  mo¬ 
del  in  a  low  speed  wind  tunnel  (see  Fig.  1} .  Several  types  of 
wings,  tails,  strakes  and  control  surfaces  were  analysed  and  fi¬ 
nally  yielded  the  delta  canard  configuration  as  an  optimum  balance 
between  modem  fighter  design  in  the  supersonic  region  and  post 
stall  capability  at  low  subsonic  speed,  as  shown  in  [1].  The  con¬ 
figuration  was  developed  for  the  EFA  /  J90  fighter  program  includ¬ 
ing  the  post  stall  features,  which  later  on  in  the  program  were 
cancelled  for  cost  reasons.  Basic  problems  during  this  time  were 
thought  to  be  mainly  directional  and  lateral  stability  and  suffi¬ 
cient  control  power  at  high  angles  of  attack.  Problems  in  direc¬ 
tional  stability  arise  from  the  vertical  tail  being  in  separated 
flow  behind  the  fuselage  above  a  >  40*.  Lateral  stability  of  delta 
wing  configurations  is  lost  in  the  region  of  maximum  lift  when  the 
leading  edge  vortices  are  bursting  asymmetrically  at  sideslip  ang¬ 
les  (see  Fig.  2  and  3),  causing  instable  behavior  until  the  air¬ 
flow  on  both  wings  has  separated.  The  loss  of  control  power  is  a 
general  problem  due  to  flow  separation  on  the  whole  configuration 
-  separated  flow  on  the  controls  will  reduce  their  effectiveness 
down  to  the  effect  of  removing  their  impingement  area  (impact 
area)  out  of  the  flow. 
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This  post  stall  development  work  is  summarized  in  a  paper  pre¬ 
sented  by  myself  in  1980  [2].  Based  on  this  early  work,  the  X-31 
program  was  started  in  1985  by  Rockwell  and  MBB  in  a  joint  venture 
which  led  to  a  wind  tunnel  development  program  to  fine  tune  the 
existing  delta  canard  configuration.  This  fine  tuning  will  be  de¬ 
scribed  in  the  following.  Since  appropriate  theoretical  tools  were 
not  available,  the  aerodynamic  configuration  development  for  the 
high  angle  of  attack  region  was  entirely  based  on  wind  tunnel 
work.  Fig.  4  gives  a  survey  of  models  and  wind  tunnels  used.  For 
the  basic  development  the  low  speed  force  model  (1/5  scale)  was 
tested  mainly  in  the  low  speed  wind  tunnel  in  Emmen,  Switzerland, 
which  has  a  test  section  of  5  *  7  meters.  A  photo  of  this  model  in 
the  tunnel  can  be  seen  in  Fig.  5,  showing  the  model  in  an  inverted 
position  at  high  angle  of  attack  during  evaluation  of  the 
influence  of  the  sting  support  system. 

To  improve  some  of  the  configuration's  unfavorable  characteristics 
the  use  of  strakes  as  flow  controllers  was  contemplated.  This  was 
based  on  results  found  in  a  research  work  by  Hummel  [4],  who  exa¬ 
mined  the  influence  of  strakes  (as  flow  controller  for  vortex 
flow)  on  basic  delta  wing  configurations.  These  strakes  were  now 
not  only  used  at  the  wing  apex  region  but  also  at  the  fuselage 
nose,  body  side  and  shoulder  region.  To  check  out  all  possibi¬ 
lities  to  influence  the  flow  about  the  configuration,  a  set  of 
nose,  body,  fuselage  and  intake  strakes  was  defined.  In  addition, 
different  wings  and  tails  (different  in  size  as  well  as  position 
and  shape) ,  including  ventral  fins  and  winglets,  were  considered 
to  improve  the  configuration.  A  survey  of  these  devices  is  pre¬ 
sented  in  Fig.  6. 


A  detailed  description  of  all  devices  is  shown  in  Figs.  7-10. 

Fig.  7  ;  different  vertical  fins,  including  ventrals 

Fig.  8  :  different  wing  configurations,  including  wing 

strakes  and  winglets 

Fig.  9,  10  ;  different  body,  nose  and  inlet  strakes 

All  the  different  means  to  improve  the  configuration  could  not  be 
tested  for  all  possible  control  variations.  So  a  critical  control 
configuration  was  determined  as  a  baseline  on  which  improvement 
was  carried  out.  From  earlier  testing  on  the  EFA  /  J90  configu¬ 
ration  [2]  it  was  known  that  the  critical  case  for  lateral  and 
directional  stability  occurs  at  angles  of  attack  between  30*  <  a  < 
50*.  The  canard  should  then  be  in  an  unloaded  position  to  minimize 
vortex  interaction  with  the  wing,  which  is  then  maximally  loaded 
(a  »  30*)  or  even  separated  (a  =  50*)  in  this  region  (a  rough 
schedule  for  a  canard  control  law  was  found  to  be  -a  s  ^can'  this 
means  the  canard  should  be  rotated  into  the  freestream  flow  direc¬ 
tion)  .  Also  it  was  known  that  the  leading  edge  flaps  should  be  at 
maximum  down  deflection  to  shift  flow  separation  on  the  wing  to 
higher  angles  of  attack. 


This  gives  the  following  control  settings  for  the  configuration 
selection  process  : 


o  *  40* 

*can  “ 

«le  -  -»0* 
«te  -  0* 


angle  of  attack 
canard  deflection  (l.e.  down) 
leading  edge  flap  deflection  (down) 
trailing  edge  flap  deflection 


aas — 
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=  -40°  (streamwise)  was  found  to  be  the  most  effective  deflec¬ 
tion  angle  and  £te  ~  chosen  because  the  trailing  edge  flap 

deflection  doesn't  influence  lateral  and  directional  stability 
greatly.  Also,  judging  from  earlier  test  experience,  a  yaw  angle 
of  p  =  5°  proved  to  be  acceptable  to  establish  the  lateral  and 
directional  stability  derivatives. 

Note  ; 


Mot  the  sideslip  derivatives  and  are  given  in  all  fol¬ 
lowing  figures,  but  the  the  sideslip  coefficients  and 

at  sideslip  angle  /9  =  5*  together  with  the  zero  values  and 

Clfl=0»  which  is  for  comparison  purposes  just  as  good  as  the  deri¬ 
vatives  and  gives  the  advantage  to  show  the  behavior  of  the  coef¬ 
ficients  at  4  =  0*  as  well. 

In  the  following  the  influence  of  nose  and  body  strakes,  vertical 
tails  and  ventrals  is  discussed  step  by  step. 

Nose  strakes  : 

Four  different  nose  strakes  were  used  :  forward  and  backward  posi¬ 
tion  and  for  both  positions  an  upper  and  lower  location  (see  Fig. 
9,  strakes  RS9,  RSIO,  RSll  AND  RS12) . 

Nose  strakes  are  well  known  to  improve  directional  stability  at 
angles  of  attack  higher  than  40°,  but  their  benefit  is  very  sen¬ 
sitive  to  location.  They  are  acting  in  two  ways  : 

1.  improving  deviation  of  the  yawing  moment  for  the  p  =  0’ 
case  which  is  caused  by  an  asymmetric  shedding  of  the  nose 
vortices  (the  nose  strakes  fix  these  vortices  symmetrically  to 
the  fuselage) 

2.  for  sideslip  cases  the  nose  vortices  can  be  fixed  by  the 
strakes,  generating  a  stabilizing  moment  at  the  nose.  This  may 
be  dangerous  in  some  cases,  because  this  moment  gives  an  auto- 
rotative  contribution  to  the  dynamic  characteristics  and 
therefore,  has  to  be  validated  later  on  in  the  spin  tunnel. 

Both  reactions  can  be  achieved  (see  Fig.  11  and  12) .  The  deviation 
from  zero  for  the  p  =  O'  case  is  removed  for  all  four  positions. 
The  most  benificial  strake  location  for  the  sideslip  case  ^  0°, 
however,  is  the  backward  downward  position  RS12.  Here  directional 
stability  is  attained  for  all  a  >  40*.  For  lateral  stability  the 
forward  position  gives  best  results,  though  the  influence  is  not 
very  strong.  The  impact  on  pitching  moment  is  too  small  to  be 
shown  here. 

The  best  solution  RS12  is  kept  for  all  further  tests. 


Body  strakes  ; 

As  proposed  by  Hummel  [4],  a  body  strake  was  mounted  behind  the 
canopy  at  the  fuselage  shoulder  (see  Fig.  9),  and  will  be  referred 
to  as  RS14.  Fig.  13  shows  a  small  improvement  of  the  directional 
stability  in  respect  of  the  instability  jump  at  a  «  40*  and  a 
small  decrease  in  roll  stability  at  the  same  angle  of  attack.  How¬ 
ever,  pitch  characteristics  are  smoothed  out  at  stall  conditions 
above  maximum  lift  (see  Fig.  14). 
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There  is  another  position  for  such  a  strake  to  correct  the  un¬ 
favorable  lateral  stability,  namely  in  the  diverter  region,  as 
will  be  shown  later  after  optimizing  vertical  tails. 


Increased  vertical  tail  and  ventrals  ; 

Fig.  9  shows  the  baseline  vertical  tail  S27,  a  tail  increased  in 
span  by  30%  (S28)  and  the  increased  tail  in  most  backward  position 
(S34) .  As  can  be  expected,  with  increasing  span  and  backward  posi¬ 
tion,  directional  stability  improves  and  lateral  stability  is  not 
affected.  This  gives  in  combination  with  the  optimum  nose  strake 
configuration  RS12  a  remarkable  improvement  in  directional  stabi¬ 
lity  and  good  lateral  characteristics  (see  Fig.  15) .  A  further 
improvement  occurs  with  the  addition  of  ventral  fins  to  the  S34 
fin,  named  now  S35  (see  Fig.  9  for  geometry  and  Fig.  16  for  aero¬ 
dynamic  coefficients) . 

Up  to  now  the  best  configuration  has  the  following  equipment, 
which  from  now  on  is  called  New  Baseline  : 

-  RS12  :  nose  strake 

-  S35  :  vertical  tail  with  increased  span  in  aft  position 

and  ventral  fin 

-  no  body  strake 

The  task  now  was  to  find  an  optimum  position  for  the  body  strake. 


Optimization  of  body  strake  location  ; 

The  body  strake  should  retain  the  good  pitch  characteristics  shown 
before  and  additionally  provide  good  lateral  and  directional  sta¬ 
bility,  as  shown  by  Hummel  [4].  Therefore  the  location  was  optimi¬ 
zed  with  possible  locations  in  the  fuselage  region  between  canard 
and  wing  in  longitudinal  direction  and  intake  and  canopy  in  verti¬ 
cal  direction.  The  idea  was  to  fix  separation  of  the  cross  flow  in 
this  region  at  the  fuselage  side  wall  in  the  same  manner  as  with 
the  nose  strakes  in  the  nose  region. 

The  results  of  the  variation  are  shown  in  Figs.  17  to  20.  From  all 
locations  in  the  region  described  above  the  position  just  below 
the  diverter  (at  the  upper  edge  of  the  intake  side  wall,  see  Fig. 
6) ,  named  intake  strake  RS16,  was  the  best  one  with  respect  to 
lateral  and  directional  stability  (Fig.  17).  Pitch  characteris¬ 
tics,  Fig.  18  ,  are  still  to  be  improved. 

Further  search  finally  led  to  a  combination  of  the  intake  strake 
RS16  with  the  forward  part  of  the  original  body  strake  RS13,  now 
called  RS18  and  an  additionally  mounted  mini  wing  strake  WS.  (This 
mini  wing  strake  is  not  a  wing  strake  as  usual  (producing  a  strong 
vortex  interaction  with  the  wing  leading  edge  vortex) ;  it  is  more 
a  sharp  edge  (flow  controller)  to  fix  the  separation  of  the  flow. 
Large  strake  areas  will  also  fix  the  separation,  but  will  give  un¬ 
favorable  strong  pitch  up  characteristics  due  to  the  interference 
with  the  wing  vortex ) . 

The  combination  of  strakes  described  above  gave  the  best  compro¬ 
mise  for  lateral,  directional  and  longitudinal  stability  (see  Fig. 
19  and  20) . 


I 
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So  the  finally  selected  strake  configuration  R820  consists  of: 

»  RS12  nose  strake,  (back,  down) 

►  RSI 6  intake  strake 

►  RS18  forward  part  of  body  strake 

*  WS  mini  wing  strake 

The  different  strakes  are  mainly  acting  as  follows: 

-  nose  strake  :  improves  directional  stability  for  a  >  40" 

-  intake  strake  :  cures  lateral  stability  for  30"  <  a  <  40“ 

-  body  strake  :  smoothes  jump  in  Cjg^  characteristics 

for  30“  <  a  <  40* 


-  mini  wing  strake  :  fine  tuning  for  all  problems 


Selected  configuration  : 

The  improvements  found  for  the  critical  control  settings  should 
now  of  course  be  also  beneficial  for  other  control  settings  and 
for  different  yaw  angles.  Figs.  21  and  22  show  these  different  yaw 
angles  and  it  is  obvious  that  the  principle  behavior  is  not  chan¬ 
ged.  Even  if  we  look  at  /3  -  polars  ranging  from  -20“  to  +20“  for 
several  critical  values,  totally  stable  behavior  can  be  found  in 
lateral  motion,  and  for  directional  stability  stable  behavior  is 
given  at  least  between  -5“  <  ^  <  +5*,  as  is  shown  in  the  detailed 
analysis  in  [3]. 

Fig.  23  shows  that  even  for  a  leading  flap  edge  setting  of  ^le  = 

0’  stable  behavior  is  achieved  in  lateral  and  directional  stabi¬ 
lity  for  relevant  canard  settings  with  respect  to  angle  of  attack, 
e.g. : 


*can 

(canard  setting) 

Stable  behavior 
a  -  regime 

^n 

Cl 

(yaw  ) 

(roll) 

-20“ 

0“<  a  <  22' 

5“  <  a  <  22“ 

-30“ 

0“<  a  <  70* 

5“  <  a  <  70“ 

-35“ 

0'<  a  <  70“ 

5“  <  a  <  70“ 

-40* 

0'<  a  <  70' 

5'  <  a  <  70' 

-50' 

37'<  a  <  70' 

U) 

W 

e 

A 

Q 

A 

O 

This  shows  that  a  possible  trim  schedule  in  respect  of  good 
lateral  and  directional  stability  (here  for  the  case  f^e  ° 

«  0*)  is  roughly  between  ican  ~  as  stated 

already  above.  Even  canard  set^ngs  different  from  this  control 
schedule  (for  maneuver  cases)  do  not  lead  to  a  loss  of  stability. 
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Trim  schedules  ; 

Trim  schedules  are  dictated  by  the  pitch  instability  margin  and 
the  pitch  characteristics  of  the  configuration  and  strongly  in¬ 
fluence  the  following  items 

-  control  power  about  all  axis 

(especially  about  pitch,  with  the  vital  question  for  enough 
recovery  moment  from  high  angles  of  attack  ) 

-  directional  and  lateral  stability 

-  maximum  trimmed  lift  coefficient 

-  trim  drag 

The  necessary  aerodynamic  recovery  moment  in  pitch  from  high 
angles  of  attack  limits  the  maximum  possible  pitch  instability 
margin  as  well  as  the  maximum  possible  deflection  rate  of  canard 
and  flaps.  A  limit  for  the  maximum  instability  margin  is  also 
given  by  the  flight  control  system.  On  the  other  side  the  pitch 
instability  should  be  high  enough  to  meet  the  requested  perfor¬ 
mance  demands  in  the  subsonic  region  -  higher  instability  gives 
lower  trim  drag. 

Besides  choosing  the  pitch  instability  level,  the  designer  can 
incluence  the  pitch  characteristics  over  angle  of  attack  by  means 
of  adding  strakes  or  changing  wing  shape,  fuselage  contour,  stabi¬ 
lizers  etc. 

All  this  has  to  be  balanced  very  carefully  now  to  find  the  overall 
best  configuration  for  the  post  stall  and  conventional  performance 
requirements.  This  is  of  course  a  complicated  and  lengthy  process 
and  beyond  the  scope  of  this  paper.  So  only  the  final  optimum 
control  law  and  the  appropriate  behavior  of  stability  and  control 
about  all  axis  will  be  presented.  A  detailed  discussion  of  the 
optimization  process  can  be  found  in  the  analysis  paper  [ 3 ] . 

The  final  optimum  trim  schedule  or  control  law  for  canard,  leading 
and  trailing  edge  flaps  is  plotted  in  Fig.  24.  The  leading  edge 
flap  is  continuously  deflected  down  with  increasing  angle  of  at¬ 
tack  until  the  maximum  deflection  of  40’  is  reached  at  maximum 
lift.  The  canard  is  held  at  zero  position  until  20’  angle  of  at¬ 
tack  to  allow  the  trailing  edge  flaps  to  be  used  to  Improve  trim 
drag  and  maximum  trimmed  lift.  From  a  =  20’  on,  the  trailing  edge 
flaps  are  brought  back  to  zero  position  and  the  canard  is  conti¬ 
nuously  deflected  downwards  in  direction  of  the  free  flow  to  redu¬ 
ce  load  both  on  canard  and  wing  for  optimum  conditions  for  lateral 
and  directional  stability  at  high  angles  of  attack. 

Figs.  25  now  depicts  the  result  for  the  trimmed  Cgm  curve  and 
Fig.  26  for  the  directional  and  lateral  stability  -  which  is 
stable  in  the  whole  angle  of  attack  region!  The  trimming  was  done 
with  the  canard,  keeping  leading  and  trailing  edge  flap  in  zero 
position.  Fig.  27  illustrates  the  improvement  in  leading  edge  flap 
deflection  and  Fig.  28  shows  the  penalties  incurred  by  using  the 
trailing  edge  flaps  which  are  deflected  in  the  angle  of  attack 
region  0*  <  a  <  30’. 

In  Figs.  29  and  30  the  roll  control  power  available  for  trimmed 
conditions  is  presented.  The  yaw  control  power  is  shown  in  Figs. 

31  and  32.  Both  controls  are  fulfilling  the  desired  maneuver 
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requirements  for  a  fighter  aircraft,  see  [5],  when  using  some 
additional  control  power  in  yaw  from  a  vector  nozzle. 

Finally  it  is  shown  in  Fig.  33  in  the  so  called  "Weissman  Plot" 
(where  the  lateral  control  departure  parameter  LCDP  is  plotted 
versus  the  directional  dynamic  stability  C^savn)  that  up  to  65* 
angle  of  attack  no  spin  susceptibility  should  be  expected.  The 
Weissman  Plot  gives  the  design  engineer  a  first  idea  how  a  con¬ 
figuration  will  behave  regardless  of  the  configuration  being  prone 
to  spin  or  not.  However  clear  statements  with  respect  to  departure 
behavior  can  only  be  drawn  by  including  the  influence  of  dynamic 
characteristics . 


3.  DYMMtIC  BEHAVIOR  MID  SPIN  MODES 

To  evaluate  dynamic  characteristics,  wind  tunnel  tests  on  the  base 
of  a  rotary  balance  measurement  were  conducted  in  the  Langley  Re¬ 
search  Center's  20  foot  Spin  Tunnel.  They  helped  to  establish  the 
developmental  aircraft's  steady  state  high  angle  of  attack  static 
and  rotational  aerodynamic  characteristics.  Data  were  obtained  for 
a  1/7.5  scale  model  through  an  angle  of  attack  range  of  0*  <  a 
<  90*  to  define  the  aircraft's  steady-state  aerodynamic  characte¬ 
ristics,  both  static  and  rotational,  including  the  influence  of 
sideslip,  control  deflections,  speed  brakes  and  thrust  vanes.  A 
photograph  of  the  rotory  balance  apparatus  installed  in  the  Lang¬ 
ley  Spin  Tunnel  is  shown  in  Fig.  34.  An  analysis  of  the  data  is 
presented  in  [7]  and  [8],  including  steady-state  spin  modes,  pre¬ 
dicted  using  the  method  described  in  [6].  A  summary  of  these  in¬ 
vestigations  is  given  in  the  following. 


Diacuasion  of  dynamic  characteristics  ; 

As  shown  above,  the  X-31A  is  behaving  extremely  well  in  terms  of 
static  lateral  and  directional  stability;  for  both  the  airplane  is 
stable  or  at  least  neutral  in  the  whole  angle  of  attack  regime  for 
trimmed  flight.  Also  control  power  about  roll  and  yaw  axes  is 
available  up  to  90*  angle  of  attack.  Serious  statements  with 
respect  to  departure  behavior,  however,  can  only  be  made  when  the 
the  influence  of  dynamic  characteristics  is  included. 

I,ateral  characteristics 

The  influence  of  rotation  on  the  rolling  moment  characteristics  of 
the  basic  airplane  shows  that  in  normal  flight  regime  the  airplane 
is  highly  damped  in  roll  (see  Figs.  35  and  36) .  As  stall  is  ap¬ 
proached,  the  level  of  damping  decreases.  After  stall  the  configu¬ 
ration  becomes  autorotative  in  roll,  remaining  so  through  60*. 
Above  60*  the  rolling  moment  is  neutral  to  slightly  propelling,  as 
is  the  case  for  most  airplanes.  These  characteristics  indicate 
that  departures  from  controlled  flight  are  possible  for  the  un¬ 
augmented  airframe.  In  conjunction  with  a  flight  control  system, 
this,  however,  will  be  no  problem  as  long  ar.  sufficient  roll  cont¬ 
rol  power  is  available  -  and  the  X-31A  provides  good  roll  power  by 
means  of  ailerons  (differential  trailing  edge  flaps)  throughout 
the  whole  angle  of  attack  regime.  As  can  be  expected,  control 
effectiveness  decreases  at  higher  angles  of  attack,  but  some 
control  power  is  still  maintained  up  to  90*. 

For  a  critical  case,  say  a  «  40*,  the  test  results  of  the  lateral 
rotational  derivatives  are  given  with  and  without  roll  control 
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input  (see  Fig.  39) .  As  can  be  seen,  the  existing  roll  power  is 
large  enough  to  stop  a  possible  motion  about  the  roll  axis. 

Directional  characteristics 

The  basic  airplane  is  damped  in  yaw  through  40*  angle  of  attack. 

At  45*,  it  becomes  neutral  and  at  50*  slightly  propelling  and 
remains  autorotative  up  to  70*.  Above  70*  it  is  damped  again,  see 

[8] .  The  presence  of  the  canard,  however,  has  a  major  influence  on 
the  damping  produced  above  50*  angle  of  attack.  Especially  for 
trim  deflections,  the  autorotative  regions  are  significantly 
reduced.  The  values  for  the  complete  configuration  are  shown  in 
Figs.  37  and  38. 

Figs.  35  and  37  are  showing  -  besides  the  rotary  derivative 

/(nb/2V)  measured  in  the  spin  tunnel  -  theoretically  estimated 
derivatives,  indicated  as  "SNAKE  Dataset",  which  fit  quite  well 
with  the  experimental  data.  In  the  conventional  angle  of  attack 
region  0*  <  a  <  20*  a  linear  panel  method  was  used,  as  is  shown  in 

[9] .  Above  maximum  lift,  a  semi  empirical  method  was  used. 


Predicted  spin  modes  ; 

Rotary  balance  aerodynamic  data  can  be  used  to  predict  steady- 
state  spin  modes  at  any  specific  attitude  for  a  given  set  of 
masses  and  inertias.  An  outline  of  the  method  and  the  historical 
background  are  presented  in  [6].  For  steady  state  spins  to  occur, 
the  aerodynamic  pitching,  rolling  and  yawing  moments  must  balance 
their  respective  Inertial  moments.  A  propelling  aei. dynamic  moment 
must  exist  in  order  to  maintain  the  airplane's  rotation,  the  rol- 
I  ling  moment  being  the  primary  driving  term  at  low  angles  of  at¬ 

tack,  with  the  yawing  moment  becoming  the  dominant  propelling 
component  as  angle  of  attack  Increases  to  the  flat  spin  modes. 

Since  an  erect  rotating  airplane  always  produces  a  nose  up  iner¬ 
tial  moment,  nose  down  aerodynamic  pitching  moments  must  exist  to 
balance  it  and  hence  permit  a  spin.  For  airplanes  with  unstable  or 
relaxed  pitch  stability  (unstable  at  low  a  and  becoming  more  and 
more  stable  at  high  a) ,  such  as  the  X-31A,  this  condition  may  not 
be  satisfied  over  a  large  portion  of  the  angle  of  attack  range  for 
certain  control  deflections,  thereby  limiting  possible  spin  modes. 
Fig.  40  presents  the  spin  modes  calculated  for  the  X-31A  ([7], 

[8])  at  the  weights  and  inertias  corresponding  to  a  basic  mission 
loading  with  6ol  internal  fuel.  No  spin  modes  are  predicted  with¬ 
out  lateral  or  directional  control  inputs  for  any  normal  canard  or 
symmetrical  trailing  edge  flap  deflection.  However,  an  extended 
canard  setting  of  6can  *  ~70’ ,  which  is  not  used  by  the  flight 
control  system,  exhibits  a  moderately  fast  flat  spin  at  84*  angle 
of  attack  of  2.7  seconds  per  turn.  This  is  due  to  the  propelling 
yawing  moments  this  canard  setting  generates  above  75*  angle  of 
attack. 

Asymmetric  trailing  edge  flap  deflections  are  very  effective  at 
the  spin  attitude  because  of  the  adverse  yaw  they  are  capable  of 
generating.  Surface  deflections  against  the  spin  produce  a  flat 
spin  mode  (at  85*  to  87*  angle  of  attack  and  1.7  to  2.8  seconds 
per  turn)  for  all  canard  deflections  between  0*  and  -70*,  ex¬ 
hibiting  the  fastes  turn  rates.  The  roll  control  surfaces,  again 
due  to  their  yawing  moment  effectiveness,  when  deflected  with  the 
spin,  result  in  a  no  spin  condition. 


I 

I 
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Generally  it  is  not  possible  to  predict  actual  recovery  charac¬ 
teristics  from  these  results  since  it  is  not  known  how  readily  the 
airplane  will  move  from  equilibrium  spin  condition  for  one  control 
setting  to  a  no  spin  condition  for  another.  The  actual  sufficiency 
of  recoveries  can  only  be  determined  through  dynamic  testing  and 
large  six  degree  of  freedom  analytical  calculations. 


Comparison  with  experimentally  determined  spin  modes  ; 

Spin  modes  that  were  experimentally  determined  from  free  spinning 
tests  of  a  dynamically  scaled  model  of  the  X-31A  in  the  Langley 
Spin  Tunnel  are  compared  with  the  predicted  spin  modes  in  Fig.  41. 
Experience  has  shown  that  the  full  scale  airplane  will  either  have 
a  steady  spin  as  predicted,  or  it  will  have  an  oscillatory  spin 
mode  whose  average  values  of  angle  of  attack  and  turn  rate  will 
equal  the  predicted  steady  values.  Also,  in  some  extreme  cases, 
the  oscillatory  motions  will  be  so  severe  that  the  airplane  cannot 
stabilize  in  the  spin.  As  shown  in  Fig.  41,  there  is  excellent 
agreement  between  the  experimental  and  predicted  spins.  For  the 
X-31A,  the  experimental  spin  with  pro  spin  rudder  and  ailerons  for 
-60*  canard  setting  is  oscillatory,  with  the  average  angle  of 
attack  nearly  equal  to  the  angle  of  attack  of  the  calculated  spin. 

The  free  spinning  model  tests  showed  that  neutralizing  the  canard, 
again  with  ailerons  deflected  against  the  spin  and  pro  spin  rud¬ 
der,  produces  a  steady,  flat  spin  mode  (88*  angle  of  attack  at  2.0 
seconds  per  turn)  that  agrees  well  with  the  predicted  steady  spin 
(87*  at  2.4  seconds  per  turn).  Deflecting  the  ailerons  with  the 
spin  produces  no  spin  mode,  as  is  predicted. 


4.  COMCLOSIOH 

The  configuration  exhibits  positive  pitching  moments  over  almost 
the  entire  tested  angle  of  attack  range  with  neutral  controls, 
which  commensurates  with  the  Intended  relaxed  pitch  stability. 
Below  stall,  the  X-31A  exhibits  good  lateral  directional  static 
stability  and  is  well  dzunped  in  roll  and  yaw.  As  stall  is  ap¬ 
proached,  lateral  stability  is  reduced  and  the  aircraft  becomes 
propelling  in  roll.  If  the  aircraft  is  rolling  about  its  body 
axis,  difficulties  can  be  encountered  in  terminating  the  roll  rate 
in  the  30*  to  50*  angle  of  attack  region  until  large  sideslip 
angles  are  attained.  This  situation  is  not  approached  if  the 
aircraft  rolls  about  the  wind  axis,  which  at  high  angle  of  attack 
is  the  only  possible  and  significant  maneuver.  Fortunately,  the 
existing  control  laws  will  ensure  that  the  aircraft  does  roll  only 
about  the  velocity  vector. 

The  vehicle  is  highly  damped  in  yaw  through  40*  angle  of  attack. 
However  in  the  region  of  50*  angle  of  attack  the  damping  is 
slightly  reduced  and  a  small  zero  sideslip  yawing  moment  offset 
can  be  observed  as  well.  Negative  canard  deflections  generally 
result  in  an  Increase  in  yaw  damping  up  to  stall,  but  the  same 
deflections  have  an  adverse  effect  as  angle  of  attack  is  further 
increased. 

As  is  normally  the  case,  the  effectiveness  of  the  aerodynamic 
controls  is  reduced  between  0*  <  a  <  90*.  Nevertheless,  a  good 
level  of  longitudinal  and  lateral  control  power  is  available 
throu^out  the  whole  angle  of  attack  range.  The  directional 
control  provided  by  the  rudder,  however,  is  relatively  ineffective 
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beyond  45*  euigle  of  attack  -  the  reason  for  the  configuration 
having  a  vector  nozzle. 

Movement  of  the  trailing  edge  flap  has  large  influence  on  the  roll 
characteristics.  Deflecting  the  trailing  edge  flap  negatively,  to 
produce  a  nose  up  pitching  moment,  significantly  decreases  the 
propelling  moments,  whereas  the  opposite  is  the  case  when  the  flap 
is  deflected  in  a  positive  direction.  Unfortunately,  because  of 
the  relaxed  pitch  stability,  a  positive  deflection  is  likely  to  be 
commanded  at  high  angle  of  attack. 

The  aircraft  probably  has  only  one  spin  mode  which  is  flat 
(a  »  86*,  2.3  sec/turn) .  The  yawing  moment  associated  with  the 
lateral  control  above  60*  angle  of  attack  is  the  parameter  most 
responsible  for  this  spin  mode  and  for  recovery.  Spinning  does  not 
appear  to  be  a  problem  with  this  configuration  due  to  the  lateral 
control  effectiveness  as  well  as  the  presently  envisaged  control 
laws  that  attempt  to  keep  the  aircraft  from  attaining  spin  angle 
of  attack,  and  that  may  limit  the  available  lateral  control  at 
such  attitudes  by  giving  priority  to  pitch  control. 
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Fig.  3  Roll  Stability  Versus  Angle  of  Attack 
for  a  Pure  Delta  Wing 
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Fig.  5  Wind  Tunnel  Model 


ig.  6  Survey  of  Devices  Used  on  the  X-31  to  Improve 
High  Angle  of  Attack  Characteristics 


Fig.  13  Influence  of  Body  Strakes 
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rig.  15  Influence  of  Increased  Span  of 
Vertical  Tall  and  Aft  Position 
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rig.  37  Body  Axis  Yaw  Moment  due  to  Wind  Axis  Rollrate 


Fig.  38  Body  Axis  Yaw 
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Summery 

This  paper  describes  an  investigation  into  the 
capabilities  and  accuracy  of  an  equation  error 
method  of  aerodynamic  parameter  identification 
using  stepwise  regression  techniques.  The 
results  of  the  method  are  presented  for  flight 
responses  of  the  British  Aerospace  EAP  aircraft 
which  has  multiple  control  surfaces  and  high 
levels  of  longitudinal  instability  together  with 
significant  non-linearities  In  the  aerodynamic  data. 
The  benefit  of  kinematic  compatibility  processing 
of  the  flight  data  is  also  presented.  The  EAP  flight 
responses  are  analysed  up  to  an  incidence  of  30* 
using  a  technique  for  joining  together  several 
manoeuvres  to  form  larger  databases  for  analysis. 
The  derivatives  extracted  by  these  techniques 
agree  in  general  with  the  results  of  the  wind 
tunnel  measurements. 

S  Reference  area 

b  Reference  span 

e  Mean  aerodynamic  chord 

Cl  Coefficient  of  rolling  moment 

Cm  Coefficient  of  pitching  moment 

Cn  Coefficient  of  yawing  moment 

Cx  Coefficient  of  axial  force 

Cy  Coefficient  of  side  force 

Cx  Coefficient  of  normal  force 

EAP  Experimental  Aircraft  Programme 

g  acceleration  due  to  gravity 

Ixx  Moment  of  inertia  about  x  axis 

lyy  Moment  of  inertia  about  y  axis 

Ixz  Moment  of  inertia  about  z  axis 

Ixx  Cross  product  of  inertia 

M  Mass  (kg) 

nx  axial  acceleration 

ny  lateral  acceleration 

nx  normal  acceleration 

p  roll  rate 

q  pitch  rate 

r  yaw  rate 

p  roll  acceleration 

q  pitch  acceleration 

r  yaw  acceleration 

u  Flight  path  velocity  y  axis 

V  Flight  path  velocity  y  axis 

w  Flight  path  velocity  z  axis 

a  angle  of  incidence 

0  angle  of  sideslip 

(  differential  flap 

6  symmetric  flap 

ii  foreplane  angle 

Z  rudder  angle 

d  pitch  attitude 

0  roll  attitude 

0  yaw  attitude 

p  air  density 

Derivatives  of  coefficients  with  respect  to  state  and 
control  surface  variables  are  denoted  by  the 
convention, 

Coefficient, 


for  example. 


1.  INTRODUCTION 


This  paper  describes  an  investigation  into  the 
capabilities  and  accuracy  of  an  equation  error 
method  of  aerodynamic  parameter  identification 
using  stepwise  regression  techniques.  The  results 
of  the  method  are  presented  for  both  simulated  and 
flight  responses  of  the  British  Aerospace  EAP 
aircraft.  The  flight  data  analysed  includes  highly 
dynamic  manoeuvres  up  to  the  incidence  limit  on 
the  aircraft  of  30  *■ 

The  importance  of  processing  the  flight  data  to 
ensure  kinematic  compatibility  is  described  which 
Is  an  essential  first  step  prior  to  parameter 
identification. 


2.  FEATURES  OF  THE  EAP  AIRCRAFT 


The  Experimental  Aircraft  Programme  was 
conceived  in  1063  to  design  and  build  a 
demonstrator  aircraft  for  a  wide  range  of  new 
technologies. 

The  EAP  aircraft  configuration  was  chosen  primarily 
for  an  air  to  air  role  with  a  secondary  ground  attack 
capability.  These  requirements  dictate  a  design 
having  high  levels  of  subsonic  and  supersonic 
performance.  The  resulting  configuration  has  a 
large  cranked  delta  wing  with  a  close  coupled 
foreplane.  Figure  1. 

The  aircraff  has  a  high  level  of  longitudinal 
instability  and  highly  non-linear  aerodynamic 
characteristics.  The  pitch  control  surfaces  are  four 
flaps  and  the  all  moving  foreplane.  The  lateral 
controls  are  the  use  of  differential  flap  and  rudder. 

The  EAP  aircraft  was  designed  to  feature  carefree 
manoeuvring  a>  d  g  protection  when  'lying  in  the  full 
control  laws  mode.  This  gives  a  wide  range  of 
possible  manoeuvres  with  the  unrestricted  use  of 
full  roll,  pitch  and  yaw  controls. 

During  the  flight  testing  of  the  EAP  aircraft  the 
cleared  flight  envelope  was  rapidly  expanded  using 
conventional  flight  test  data  gathering  manoeuvres 
which  are  essentially  small  perturbation  inputs 
designed  to  excite  a  particular  mode  in  the  aircraft 
response. 

In  order  to  clear  the  aircraft  to  its  maximum 
incidence  limits  a  high  incidence  flight  teat 
programme  was  flown.  An  anti  spin  parachute  and 
gantry  was  fitted  to  the  aircraft  in  order  to  be  able 
to  recover  the  aircraft  In  the  event  of  a  departure 
and  spin. 

These  high  incidence  flight  trials  were  highly 
successful  wtth  the  elrcraft  remaining  In  control  and 
within  its  incidence  limits  despite  some  very  severe 
pilot  inputs. 
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3.  ANALYSIS  METHODS  USED  ON  EAP 


The  method  of  extracting  aerodynamic  information 
from  aircraft  flight  responses  that  has  been  in  use 
at  BAe  Warton  for  many  years  is  a  flight  matching 
program.  This  method  matches  a  calculated 
response  to  a  flight  measured  response  by  varying 
selected  aerodynamic  derivatives.  Figure  2.  This 
rnethod  is  an  output  error  method  with  a  maximum 
likelihood  optimisation  routine.  It  is  suitable  for 
linear  systems  and  can  cope  with  measurement 
noise. 

The  method  has  been  used  successfully  to  analyse 
some  small  amplitude  manoeuvres  and  some  rapid 
rolls  on  EAP  but  the  method  requires  a  large  degree 
of  engineering  judgement  in  its  use  and  in 
interpreting  the  results.  Each  flight  manoeuvre  must 
be  analysed  separately  and  the  results  from  several 
manoeuvres  may  not  be  consistent.  Most 
importantly  the  output  error  method  cannot  easily 
deal  with  non-linear  systems  and  the  aerodynamic 
characteristics  of  EAP  at  high  incidence  in  common 
with  many  other  aircraft  are  highly  non-linear. 

As  a  result  of  the  known  difficuttles  and  deficiencies 
of  the  output  error/maximum  likelihood  technique  it 
was  decided  to  look  for  an  alternative  method  of 
aerodynamic  parameter  identification. 


4.  STEPWISE  REGRESSION 


The  alternative  to  an  output  error  method  is  to  use 
an  equation  error  method.  This  matches  the 
measured  aircraft  response  in  terms  of  the  six 
component  force  and  moment  time  histories 
derived  from  the  response  via  the  kinematic 
equations  of  motion.  The  unknown  aerodynamic 
parameters  are  estimated  by  minimising  the  sum 
of  squared  differences  between  the  measured  and 
calculated  aerodynamic  forces  and  moments, 
References  1  to  3,  Figure  3.  The  usual  problem  with 
this  technique  is  that  the  terms  in  the  aerodynamic 
equation  are  not  known.  There  will  be  some 
non-linear  terms  but  it  is  not  known  which  terms 
should  be  included. 

There  are  several  methods  of  dealing  with  this 
problem.  The  method  which  was  adopted  to  analyse 
EAP  data  is  the  stepwise  regression  method.(See 
Appendix). 

Stepwise  regression  can  be  described  as  a  model 
building  algorithm.  A  list  of  possible  terms  is 
defined  and  each  term  is  examined  individually  for 
its  usefulness  in  reducing  the  equation  error  and 
added  Into  the  model  in  a  stepwise  manner.  At  each 
step  the  terms  not  included  are  examined  and  the 
next  term  chosen  for  entry  will  be  the  one  with  the 
largest  correlation  with  the  component  time  history 
after  adjusting  for  the  terms  already  set. 

At  each  step  the  parameter  values  are  estimated 
using  a  least  squares  fitting  routine.  Terms 
incorporated  at  earlier  steps  are  re-evaluated  and 
those  with  low  significance  are  rejected.  The 
process  continues  until  no  more  terms  can  pass  a 
test  of  statistical  significance.  This  method  offers 
some  major  advantages  over  the  maximum 
likelihood  method,  Figure  4. 

The  matching  is  performed  at  the  level  of  the 
component  equation  rather  than  the  time  domain 
response.  Therefore  It  is  possible  to  extract 
individual  component  terms  without  the  cross 
coupling  effects  in  a  time  response. 

The  structure  of  the  mathematical  description  of  the 
aerodynamic  equation  does  not  need  to  be  pre 
defined  and  can  be  extracted  from  the  flight  data. 


Non-linear  characteristics  can  be  modelled  via  the 
candidate  terms. 

Large  amounts  of  flight  data  can  be  processed 
simultaneously.  The  data  does  not  need  to  be  time 
continuous. 

The  only  significant  disadvantages,  Figure  5,  are 
that. 

The  answers  are  biased  due  to  measurement  errors 
and  noise. 

The  terms  are  only  found  if  they  are  statistically 
significant.  This  means  that  if  the  information 
content  to  extract  a  particular  term  is  poor  then  the 
true  system  model  is  not  found  and  errors  are 
introduced. 


5.  PARAMETER  IDENTIFICATION 


An  overview  of  the  parameter  ideni'fication  process 
is  shown  In  Figure  6.  This  overview  emphasises  the 
importance  of  the  quality  of  the  test  data  supplied  to 
the  parameter  estimation  algorithm.  A  worthwhile 
quote  here  is  that  The  most  sophisticated  analysis 
techniques  are  worthless  if  you  cannot  believe  the 
data'. 

In  order  to  minimise  the  disadvantages  of  the 
equation  error/stepwise  regression  technique  great 
importance  is  placed  on  the  information  content  of 
the  test  data  and  on  its  measurement  accuracy. 

The  information  content  can  be  maximised  by 
ensuring  that  the  aircraft  response  excites  all  of  the 
response  terms  that  are  required  to  be  extracted 
throughout  the  ranges  required.  The  power  of  the 
input  signal  should  be  distributed  uniformly  over  a 
wide  frequency  range. 

The  measurement  accuracy  can  be  maximised 
firstly  by  ensuring  that  the  aircraft  instrumentation 
is  of  the  highest  quality  and  secondly 
inconsistencies  In  the  measured  data  can  be 
removed  by  a  state  reconstruction  or  kinematic 
compatibility  check  on  the  data. 


6.  KINEMATIC  COMPATIBILITY 


There  are  several  methods  for  data  compatibility 
checking.  The  method  used  at  British  Aerospace  is 
a  method  developed  at  RAe,  Reference  4.  This 
kinematic  compatibility  process  uses  the  measured 
linear  accelerations  and  angular  rates  as  forcing 
functions  for  the  kinematic  equations.  Values  of 
velocity.  Incidence,  sideslip,  euler  angles  and 
spatial  co-ordinates  are  calculated  and  compared  to 
the  measured  values,  Figure  7.  The  differences 
between  calculated  and  measured  are  used  to 
define  a  cost  function  which  is  then  minimised  using 
a  weighted  least  squares  method.  This  gives 
estimates  of  the  Instrumentation  errors  and  allows 
all  of  the  response  terms  to  be  recalculated  based 
on  the  values  of  the  kinematic  states,  linear 
velocities  and  euler  angles.  The  angular 
accelerations  are  calculated  by  differentiation  of 
spline  fits  to  the  angular  rates. 


7.  EAP  INSTRUMENTATION 


The  level  of  Instrumentation  available  on  EAP  Is  of 
a  high  quality  due  to  the  use  of  a  full  authority 
quadruplex  flight  control  system  which  requires 
high  quality  flight  information.  The  incidence  and 
sideslip  information  is  chained  from  four  probes 
mounted  on  the  front  fuselage.  A  voter  monitor 


! 


14-3 


system  ensures  that  any  incorrect  information  is 
discarded.  The  linear  accelerations  and  angular 
rates  are  obtained  from  high  quality  Aircraft  Motion 
Sensor  Units. 

A  number  of  EAP  test  manoeuvres  were  analysed 
using  the  kinematic  compatibiitty  program.  This 
analysis  indicated  the  levels  of  Instrumentation 
errors.  The  noise  levels  on  the  instrumentation 
were  estimated  by  subtracting  the  smoothed 
compatible  response  from  the  raw  flight  data  plus 
instrumentation  error.  The  noise  levels  were  then 
analysed  to  determine  the  standard 'deviations  and 
auto  correlation  factors  which  are  showri  in  Figure 

8.  In  general  the  noise  levels  are  tow  on  all  terms 
except  the  lateral  accelerometer.  The  linear 
acceleration  data  is  basically  raw  Instrumentation 
whereas  the  other  signals  all  have  structural 
coupling  attenuation  filters.  The  linear 
accelerations,  yaw  and  pitch  rates  are  close  to 
white  noise  whereas  the  roll  rate,  incidence  and 
sideslip  have  a  large  degree  of  colouring  in  the 
noise  levels. 


B.  VALIDATION  STEPWISE  REGRESSION 


In  order  to  assess  the  capability  of  stepwise 
regression  the  method  was  applied  to  a  simulated 
response  where  the  aerodynamics  are  known  and 
the  level  of  non  linearity  of  the  aerodynamic 
structure  can  be  varied.  This  validation  process 
provided  essential  information  on  the  use  of 
stepwise  regression  and  it  was  possible  to 
demonstrate: 

The  method  can  extract  non*linear  aerodynamics 
from  EAP  simulated  responses.  Figure  9  shows  a 
simulated  pitch  response  analysed. 

The  effect  of  typical  instrumentation  errors  and 
noise  on  the  simulated  responses  gives  a  reduction 
in  accuracy  of  the  extracted  derivatives. 

The  effect  of  kinematically  processing  the  simulated 
responses  with  offset  errors  and  noise  is  to  improve 
the  accuracy  of  the  extracted  derivatives.  Figure  10. 


9.  NON  LINEAR  SYSTEMS 


In  order  to  extract  the  non-linear  aerodynamics 
using  stepwise  regression  there  are  two  basic 
techniques.  The  first  technique  analyses  the 
non-linear  behaviour  as  a  series  of  spline  basis 
functions.  These  spline  functions  are  piecewise 
polynomials  and  can  be  set  as  piecewise 
constants. linear  or  quadratic  functions,  Figure  tf. 
The  spline  functions  are  defined  at  discrete  values 
of  the  non-linear  variable. 

The  second  technique  analyses  the  non-finear 
behaviour  in  one  variable  by  partitioning  the  data 
with  respect  to  that  variable  and  only  analysing  the 
data  within  that  data  partition,  Figure  12.  This  has 
the  advantage  of  being  simple  and  allows 
noi'.'linearfty  in  a  second  variable  to  be  determined 
using  a  spline  analysis  within  the  partitioned  data. 
The  disad'  antage  of  partitioning  is  that  the  number 
of  data  points  analysed  is  reduced. 


10.  EAP  PLIGHT  DATA  LATERAL 


Two  different  types  of  lateral  data  gathering 
manoeuvre  were  used  on  EAP.  A  dutch  roll 
manoeuvre  generated  by  yaw  control  principally 
excites  sideslip  and  s  small  perturbation  lateral 
stick  input  with  s  timing  relationship  of  which 
principsily  excites  the  aircraft  in  roil.  Since  these 
manoeuvres  are  small  perturbation  over  a  small 
incidence  range  they  can  be  analysed  assuming  a 


linear  aerodynamic  model.  This  enables  a 
comparison  to  be  made  with  the  results  of  the  flight 
matching  program  using  maximum  likelihood, 
Figure  13. 

The  flight  matching  result  analyses  the  manoeuvres 
separately  whereas  the  stepwise  regression 
analysis  is  done  using  the  data  from  both 
manoeuvres.  The  results  show  a  good  agreement 
between  stepwise  regression  and  maximum 
likelihood  methods. 


11.  EAP  FLIGHT  DATA  LONGITUDINAL 


In  order  to  extract  the  longitudinal  aerodynamic 
characteristics  of  EAP  at  high  incidence  the  aircraft 
dynamic  response  data  during  the  high  incidence 
test  flying  of  EAP  was  analysed.  These  manoeuvres 
were  not  specifically  designed  for  parameter 
identification  and  consist  of  combinations  of  full 
pitch  and  lateral  stick.  The  flight  data  from  10 
different  manoeuvres  was  added  together  looking 
at  data  over  20  ^  of  incidence.  The  resulting  dataset 
consisted  of  1000  data  points  covering  63  seconds 
of  flight.  This  dataset  was  analysed  using  stepwise 
regression. 

The  pitching  moment  characteristics  of  EAP 
measured  in  the  wind  tunnel  vary  with  incidence, 
flap  angle  and  foreplane  angle.  Pitching  moment 
derivative  values  with  incidence  are  principally  a 
function  of  incidence  and  flap  angle,  similarly  for  the 
flap  power.  This  large  block  of  flight  data  was 
analysed  in  several  different  ways  in  order  to  obtain 
consistent  results. 

Figure  14  shows  the  results  of  a  spline  analysis 
using  constants  over  1  *  incidence  intervals.  Also 
shown  are  the  results  from  a  partitioned  data 
analysis  using  1  *  data  partitions  over  the  same 
range.  The  two  different  methods  are  giving  very 
similar  results. 

In  order  to  extract  the  non-linearity  of  the  pitching 
moment  derivatives  with  flap  angle  a  uniform 
excitation  of  the  aircraft  using  the  flaps  Is  required 
throughout  the  incidence  range.  The  data  content  in 
the  flight  data  analysed,  Figure  15,  shows  that  there 
is  only  a  Hm’ted  range  of  control  surface  deflections 
at  any  given  incidence  with  the  majority  of  data 
points  close  to  the  trimmed  values. 

The  analysis  was  repeated  using  data  partitioning 
with  flap  angle  and  spline  fitting  with  incidence. 
Figure  16.  The  control  surface  range  analysed  Is  0* 
to  15*  flap  angle  from  21*  to  25®  Incidence  and  0® 
to  20^  flap  angle  from  24  ®  to  26®  incidence.  A 
compari^n  is  made  with  the  EAP  aerodynamic 
dataset  which  is  shown  as  a  single  derivative  value 
at  the  trimmed  value  of  control  angles.  The 
derivatives  extracted  for  longitudinal  stability  and 
control  power  agree  in  general  with  the  results  of 
the  wind  tunnel  based  aerodynamic  dataset. 


12.  CONCLUSIONS 


The  application  of  an  equation  error  method  of 
parameter  identification  using  stepwise  regression 
techniques  has  been  used  to  successfully  analyse 
flight  data  from  the  EAP  alrcrefl. 

Given  sufficient  flight  data  with  an  adequate 
informetion  content  full  non-linear  aerodynamic 
characteristics  can  be  extracted. 


j 


j 
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13.  APPENDIX  STEPWISE  REGRESSION 


The  aircraft  response  data  is  converted  into  the  six 
component  force  and  moment  time  histories  about 
the  defined  reference  position  using  the  following 
equations;- 
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The  aircraft  system  is  considered  to  be  adequately 
represented  by  the  linear  system, 


no  -  Oo  +  e^j[,(o  +  ••  +  9«-,x„_,<o 

In  this  equation.  y(0  represents  the  resultant 
coefficient  of  aerodynamic  force  or  moment  (the 
dependent  variable),  6i  to  9i,-i  are  the  stability  and 
control  derivatives.  6t  is  the  value  of  this  particular 
coefficient  corresponding  to  the  initial  flight 
conditions  and  Xi  to  are  the  aircraft  state  and 
control  variables  (a.  6. 5.  n.  etc) 

If  a  sequence  of  N  observations  on  both 
independent  and  dependent  variables  are  made  at 
times  ti.ti.  ■ .  U  and  If  the  measured  data  are  denoted 

by  ytO  and  xi(/).  jMO . x.-(<0  when  I  »  1.2 . N  then 

these  data  can  be  related  by  the  set  of  N  linear 
equations. 

y(0  *  6o  +  6iXi(/)  +  +  9„_,x„_,(/)  +  6(0 

this  equMion  includes  the  additional  term  e(0  which 
Is  referred  to  as  the  equation  error. 


Stepwise  regression  is  a  procedure  which  inserts 
Independent  variables  into  a  regression  model,  one 
at  a  time,  until  the  regression  equation  is 
satisfactory,  the  order  of  Insertion  is  determined  by 
using  the  'partial  correlation  coefficient'  as  a 
measure  of  the  Importance  of  variables  not  yet  in 
the  regression  equation.  The  first  independent 
variable  from  the  postulated  model  is  chosen  as  the 
one  which  is  most  closely  correlated  with  y. 

The  correlation  coefficient  Is  a  measure  of  the 
usefulness  of  the  variable  selected  in  reducing  the 
residual  variance.  It  is  given  for  the  variable  Xj  by 
the  expression:- 


where. 

yf'")  “  y ) 

N 

N 

s„  =  -y)‘ 

H 

where 

N 


and 


If  X,  is  selected  as  Xi  say.  then  the  model 
y  »  6o  *•*  S^x^  '*■  e  (equation  a) 
is  used  to  fit  the  data. 

The  parameters  are  estimated  by  minimising  the 
cost  function 

J  -  l[y(0  -  e,  -  £*/»/<'■)]* 


After  this  regression  step  the  new  parameter 
estimates  are  denoted  ai  and  a  . 

A  new  independent  variable  Zt  is  constructed  by 

finding  the  residuals  of  after  regressing  it  on  x> . 

that  is  the  residuals  from  fitting  the  model. 

x,  -  +  a,Xi  +  6 

variable  Zt  is  therefore  given  as, 

^2  “  *2  “  As  *  *1*1 

where  8»  and  »  are  the  eatimated  parameter  values 
after  the  regression  of  jq  on  xi . 

Similarly  the  variables  Zt.  2t.  .  are  forrrmd  by 
regressing  the  variable  xi  on  xt ,  x»  on  xi  and  so  on. 
A  new  dependent  variable  y'  is  represented  by  the 
residuals  of  y  regressed  on  xi  using  the  model 
given  by  (equation  a),  that  is. 

y'  -  y  -  00  -  BiX, 

In  the  next  step,  a  new  set  of  correlstiona  which 
invol^  the  variables  y’.z»,z^  ■ .  is  formulated. 

These  partial  correlations  can  be  written  as 
meaning  the  correlation  of  ^  and  y'  are  related  to 
the  model  containing  the  variable  Xi. 

The  expression  for  the  partial  correlatfon 
coefflcfonta  r^  ia  given  by  replacing  y  and  by  y' 
and  if. 


The  next  variable  added  to  the  regression  model  Is 
the  variable  x,  whose  partial  correlation  coelficient 
was  the  greatest. 

If  the  second  independent  variable  selected  in  this 
way  is  xt  then  the  third  stage  of  the  selection 
procedure  involves  partial  correlations  of  the  form 
ie.  the  correlations  between  the  residuals  of  x, 
regressed  on  Xi  and  xi  and  residuals  of  y  regressed 
on  xi  and  xt. 

At  every  step  of  the  regression,  the  variables 
incorporated  into  the  model  m  previous  stages  and 
the  new  variable  entering  the  model  are 
reexamined  using  the  partial  correlation  coefficient. 

A  measure  of  the  adequacy  of  the  equation  model 
at  each  regression  step  is  given  by  the  total  F  value 
which  is  the  ratio  of  regression  mean  square  to 
residual  mean  square  defined  as  > 

L  N  (  y(/)  -  YU)  )2  J 


where 

/(I)  =  00 

The  model  with  the  maximum  F  value  is 
recommended  as  the  best  for  a  given  set  of  data. 


14.  APPENDIX  ANALYSIS  OF  NOISE 


For  a  sample  of  N  data  points  wi^h  values  x,  at  each 
point  i  then 

Mean 


Standard  deviation 


Autocorrelation 


Autocorrelation 


(O  Brltiab  Oxm  Oogrriett  IMl/WO 

Millitad  vith  tl»  p—lMtnn  oC  tl»  CMtzcUar  et  te  Mltmie 
Mbaaty'a  KMlcncy  ocria* 


Figure  1.  EAR  Aircraft 


MEASUREMENT 

NOtSE 


Fl9ur«  2  FHfht  Mtctitna  procatt 


y(i)  -  60  +  e,x,(»)  +  +  6„.,x,-,(()  +  i{i) 

y(>)  represents  the  coefficient  o(  aerodynamic  force  or  moment. 
61  to  6.-,  are  the  stability  and  control  derivatives. 

xi  to  X,- 1  are  the  aircraft  state  and  control  variables  (a.  ft.  S.  i|.  etc) 
t(i)  is  the  equation  error. 

The  parameters  are  estimated  by  minimising  the  cost  function 
J  -  I[y«i  IV/w]* 


•  Matching  performed  at  the  level  of  the 
component  equation 

•  Structure  of  aero  model  does  not  need  to  be 
pre  defined 

•  Non  linear  characteristics  can  be  modelled 

•  Large  amounts  of  flight  data  can  be 
processed 


Figure  4.  Advantages  of  stepwise  regression 


•  Results  are  biased  due  to  measurement 
errors  and  noise 

•  Only  statistically  significant  terms  found 


Figure  5.  Disadvantages  of  stepwise  regressiori 


Fifurs  t  Firaaeter  Idntiftcatlee  precets 
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FIgurt  7  Mnautlc  Coapatiblllty 


TERM 

Standard 

davlatlon 

Autocorralation 

0.029 

0.48 

0.010 

'  0.36 

p  (d«g/s) 

0.007 

0.63 

q  (dag/8) 

0.036 

0.21 

r  (dag/8) 

0.020 

0.S2 

•(dag) 

0.040 

0.83 

B(dag) 

0.037 

0.86 

■  COST 
FUNCTION 
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Figure  9.  Simuiated  reaponae 
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s„(«)  "  Ic**'*  +  YpiiX  -  xf 

m  k 

Where 

(X  -  xf  =  l(x  - 
(X  -  X,)"  -  0,<,_ 

xt  to  x>  are  the  Knot  values  of  x  and  Cn  and  Di  are  constants. 

For  example, 
m  >  1  (piecewise  linear) 

S(x)  =■  Co  +  Ci(x)  +  0,(x  -  X,)  +  D2(x  -  x,)  +  •••  +  D^x  -  x„) 
m  -  2  (piecewise  quadratic) 

S(x)  -  Cq  +  C,(x)  -t-  CjX*  +  Oi(x  -  X,)’  +  Diix  -  Xj)’  +  +  D^x  -  x*)* 

Figure  11.  Spline  function 


Partitioning  is  the  analysis  of  the  data  in  separate  groupings. 

C„  -  C„(o.#4>.0 
can  be  analysed  as 

C„(«  -  21*)  -  C„(#.p.r),o*tot2a* 

The  dependence  of  the  model  on  a  Is  eliminated. 


Figure  p'ertitionine 


10  11  24  oC  L°) 

Ftgura  tS.  EAP  high  incidence  dele 


Figure  t6.  EAP  high  incidence  enal|rti( 
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AERODYNAMIC  CONTROL  OF  FIGHTER  AIRCRAFT 

BY 

MANIPULATION  OF  FOREBODY  VORTICES 


Gerald  N.  Malcolm  and  T.  Terry  Ng 
Eidedcs  International,  Inc. 

34IS  Lomita  Blvd. 
Torrance,  CA  90505 
U.S.A. 


SUMMARY 

Methods  of  enhancing  aircraft  controllability 
and  noaneuverability  at  high  angles  of  attack  by 
manipulating  the  forebody  vortices  are 
discussed.  Pneumatic  control  methods 
including  jet  blowing,  slot  blowing,  and 
suction,  and  mechanical  control  methods  using 
forebody  and  nose-tip  strokes  are  reviewed. 
The  potential  of  various  control  devices  in 
controlling  the  forebody  flow  and,  thus, 
providing  controlled  yawing  moments  at  high 
angles  of  attack  are  illustrated  using  wind 
tunnel  results  from  a  genetic  fighter  and  water 
tunnel  results  from  an  F/A-18. 

NOMENCLATURE 

Aref  reference  wing  area 

C^  momentum  coefficient  of  blowing 

=  ihVj/qooAref 

C^  yawing  moment  coefficient 

d  forebody  base  diameter 

h^  stroke  height 

1^  stroke  length 

ih  mass  flow  rate  of  the  blowing  jet  to-  slot 

qoo  free-stream  dynamic  pressure 

Vj  average  exit  velocity  of  the  blowing  jet 
mslot 

a  angleof  attack 

P  angle  of  sideslip 

^  angle  horn  the  windward  meridian 


1.0  INTRODUCnON 

The  flight  envelope  of  current  aircraft 
has  been  limited  at  least  in  part  by 
controllability  problems  at  high  angles  of 
attack,  typically  represented  by  sudden 
departures  in  roll  and  yaw  and,  in  some  cases, 
by  pitchup  or  deep-stall.  Reduced 
controllability  places  undesirable  limiL,  on  the 
maneuverability  and  controllability  of  the 
aircraft  and,  in  some  cases,  leads  to 
uncontrolled  flight  noodes  such  as  spin.  Tht 
t^^ical  flowfield  around  a  modern  fighter 
aircraft  at  moderate-to-high  angles  of  attack  is 
dominated  by  vortices.  The  presence  of  highly 
energetic  vortices  can  and  Im  been  utilizi^  to 
greatly  enhance  the  performance  of  aircraft. 
These  complex  vortex  flows  can,  however, 
become  erratic  as  the  angle  of  attack  is 
increased  and  eventually  contribute  to  degraded 
control  capalnlity.  If  tbm  are  means  to  locally 
control  these  vortex  flows  on  the  aircraft,  one 
should  be  able  to  utilize  this  powerful  force 
input  to  enhance  the  overall  aircraft 
controllability. 

Recent  research  efforts  on  Hghter-type 
aircraft  have  indicated  tiiat  some  of  the  most 
promising  methods  for  vortex  control  are 
movable  forebody  strakes  and  blowing  and 
suction  m  the  forebody  surface.  The  strakes 
are  either  fixed  to  the  forebody  to  enhance  the 
stability  characteristics,  or  dqiloyed  actively  to 
provide  additional  control.  The  use  of  a  fixed 
pair  of  foiebody  strakes  attached  synunetrically 
to  the  forebody  (e.g..  Refs.  1  th^gh  4)  has 
been  shown  to  be  effective  in  forcing  naturally 
occurring  asymmetric  vortices  at  zero  sideslip 
at  high  angles  of  attack  to  be  symmetric.  The 
large  forrIMy  sideforces  and  resulting  yawing 
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moments  are,  therefore,  either  reduced 
significantly  or  eliminated.  Stahl^  demonstrates 
that,  instead  of  a  pair  of  strakes,  a  sing^  lai^e 
strake  deployed  along  the  leeward  meridian  of 
the  entire  forebody  can  also  maintain  vmtex 
symmeo^.  Ng^  shows  that,  possibly  due  to 
the  dominadng  effect  of  the  flow  at  the  nose  tip 
on  the  vortex  flow,  similar  effects  can  be 
achieved  by  a  small  strake  which  extends  over 
only  a  small  portion  of  the  tip  region. 

Actively  deployed  forebody  strakes 
have  been  investigate  as  a  potential  means  for 
enhancing  high  angle  of  attack  controllability. 
Some  examples  of  the  investigations  arc  shown 
in  Refs.  7  and  8.  Murri  and  Rao^  studied  the 
effectiveness  of  hinged  deflectable  strakes  on  a 
conical  forebody  in  providing  controlled 
yawing  moments  for  a  generic  flghter 
configuradon  at  hi|^  angles  of  attack.  Makmlm 
et  al^  used  a  different  form  of  deployable 
strakes  which  pivoted  out  of  a  tangent-ogive 
I  forebody  about  a  hinge  point  with  die  str^es 

staying  normal  to  the  lo^  surfaces.  Several 
different  strake  lengths  were  testnl.  It  was 
found  that  strakes  extending  over  only  a 
portion  of  the  forebody  were  sufficient  to 
provide  similar  control  as  longer  strakes. 

Large,  asymmetrically  deployed 
strakes  create,  in  effect,  a  significantly 
asymmetrical  forebody  geometry  and  would 
naturally  be  expected  to  produce  yawing 
moments,  even  at  zero  sideslip.  In  practice, 
however,  the  size  of  the  control  devices  is  a 
key  issue.  Many  numerical  and  experimental 
studies  (e.g..  Refs.  9  -  13)  have  demonstrated 
that,  under  suitable  conditions,  a  small 
perturbatitm  at  the  tip  region  can  1^  to  large 
asymmetries  in  the  forebody  flow  and, 
therefore,  large  yawing  moments.  For 
instance,  the  control  devices  used  in  two  recent 
$tudiesi3,l4  were  substantially  smaller  in  size 
than  the  strakes  used  by  Muni  and  Rao^  and 
Malcolm  et  al^.  ZUliacetal^^  studied  die  effect 
of  tip  geometry  on  the  vortex  flow  over  a 
slender  body  of  revolution.  Variable  nose-tip 
asyrrunetries  in  the  form  of  a  small  deployable 
cylinder  and  rotatable  machined  flats  were 
found  to  be  highly  effective  in  producing 
controlled  sideforces,  although  the  e^hasis  m 
the  study  was  mcne  on  the  effect  of 
penurbations  than  control.  The  study  by 
Moskovitz  et  al^^,  on  the  other  hand,  dir^y 


i 
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addresses  the  use  of  a  rotatable  nose-tip 
perturbation  in  the  form  of  an  elliptic  tip  as  a 
control  device.  Predictable  and  reputable  side- 
force  with  nose-tip  toll  was  obtained  even  at 
relatively  nooderate  angles  of  attack  and  sideslip 
angles  as  large  as  15°. 

One  of  the  main  practical  concerns  on 
using  movable  strakes  on  the  forebody  is  that, 
depending  on  the  physical  size  and  mechatncal 
complexity,  they  may  present  unacceptable 
interference  on  the  radar  operation.  Thus, 
pneumatic  forebody  vortex  control  has  also 
been  studied  extensively  as  an  alternative 
method  of  providing  yaw  control  at  high  angles 
of  attack.  Investigations  of  forebody  blowing 
techniques  to  control  the  forebody  vortex 
orientation  have  been  conducted  in  both  water 
and  wind  tunnel  experiments^*  17-19  where 
asynunetric  forebody  vmtices  were  switched  in 
orientation  by  blowing  under  the  high  vratex. 

Two  main  forms  ot  blowing  have  been  studied: 

(1)  blowing  from  a  localized  jet  and 

(2)  blowing  from  a  tangential  slot 

The  study  by  Malcolm  et  al^  on  a 
generic  flghter  conflguration  shows  that 
controlled  yawing  moments  of  various 
magnitudes  can  be  poduced  by  blowing  either 
forward  OT  aft  from  a  localized  jet  They  also 
found  an  extremely  effective  synergistic  effea 
of  simultaneously  blowing  lan^tiidly  forward 
on  one  side  and  aft  on  the  other,  which  caruiot 
be  achieved  with  either  individual  blowing 
scheme  alone.  Rosen  and  Davis^^  studied  the 
effect  of  jet  blowing  on  the  fwebody  of  the 
X-29  configuration  numerically,  again 
demonstrating  the  effectiveness  of  forward  and 
aft  blowing  in  controlling  the  fruebody  flow. 

Tavella  et  al^^  show  that  similar  control  can  be 
obtained  on  an  F-18  conflguration  by  blowing 
from  a  tangential  slot  along  the  flrselage. 

One  question  of  interest  is  how  the 
various  forms  of  vortex  control  actually 
function.  While  there  is  no  doubt  more  than 
one  means  by  which  the  vortex  flow  can  be 
controlled  and  that  a  sufficiently  strong 
perturbation  can  significantly  alter  die  fnebody 
flow,  there  may  be  certain  fundamental 
mechanisms  that  are  common  to  various  conmd 
concepts  such  as  jet  blowing,  slot  blowing, 
suction,  and  strakes.  The  understanding  of 
these  mechanisms  will  likely  lead  to  the  ^ 

develqrment  of  mote  effective  means  of  vortex 
control.  I 
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Several  recent  studies  (Refs.  8. 17,  and 
20-22)  on  forebody  vortex  control  peifonnixl  at 
Eidetics  and  listed  in  Table  I  may  provide 
information  that  is  helpful  in  answering  the 
above  question.  The  present  piq>er  will  review 
results  from  these  studies  which  are  relevant 
for  the  fdJowing  objectives: 

(1)  to  investigate  various  aspects  of 
forebody  vortex  asymmtry, 

(2)  to  provide  insight  into  the  fluid 
mechanisms  that  control  the  forebody 
vortex  flow,  and 

(3)  to  explore  the  potential  of  various 
control  devices  in  controlling  the 
forebody  flow  and  thus  providing 
controlled  yawing  moments  at  high 
angles  of  attack. 

Due  to  len^  and  time  limitations,  only  brief 
discussions  on  various  control  methods  can  be 
presented  in  this  paper.  More  complete  results 
can  be  found  in  various  references  as  listed. 


2.0  EXPERIMENTAL  SETUP 

Detailed  descriptitms  of  the  ejqteiiments 
listed  in  Table  I  are  available  in  Rrfs.  8,  17, 
and  20  thru  22.  For  the  generic  filter 
experiments,  water  tunnel  tests  were  condkted 
in  the  NASA-Ames  Dryden  Flight  Research 
Facility  Flow  VisualizatkMi  Water  Tunnel^^  at  a 
flow  speed  of  3  in/sec,  corresponding  to  a 
Reynolds  number  of  about  2xl(H  pa  ft.  The 
wind  nmnel  tests  were  conducted  in  the  NASA 
Langley  Research  Center  12-Foot  Low  Speed 
Mnd  Tunnel.^  The  tests  were  conducted  at  a 
dynamic  pressure  of  tqtproximately  S  psf  and  a 
Reynolds  number  of  0.75x10*^  bas^  on  a  wing 
mean  aerodynamic  chord  of  1.85  ft.  Water 
tunnel  tests  for  the  F-ld^O  and  F/A-182L22 
experiments  were  conducted  in  the  Eidetics 
2436  Water  Tunnel.  Most  of  the  tests  were 
conducted  at  flow  speeds  of  3  to  S  in/sec. 


Configuration 

Control  methods  tested 

Measurements 

References 

Generic  Eghter 

•  jet  blowing  aft 

•  jet  blowing  forward 

•  deployable  strakes 

•  water  tunnel  flow  vis. 

•  wind  tunnel  force  and 
mcHnent 

8  and  17 

F-16 

•  jet  blowing  aft 

•  jet  blowing  forward 

•  pulsedjet  blowing  aft 

•  rotatable  nose-boom 
strakes 

•  water  tunnel  flow  vis. 

20 

F/A-18 

•  jet  blowing  aft 

•  jet  blowing  forward 

•  slot  blowing 

•  slot  suction 

•  rotataUe  nose  strakes 

•  water  tunnel  flow  vis. 

•  water  tunnel  yawing 
nxxnent 

21  and  22 

Table  I  ListofHighAngle^f-Attack  Forebody  Vortex  Control  Experiment 
Conducted  at  Ei^cs  International 
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For  the  F/A-18  experiment,  in  addititm  to  flow 
visualization,  yawing  moment  measureme 
were  pofornml  with  a  strain  gage  sting. 

The  wind  tunnel  model  of  the  generic 
fighter  is  shown  in  Fig.  1.  The  water  tunnel 
oKidel  is  basically  similar  except  being  smaller 
in  size.  Two  models  were  u^  for  the  F-16 
experiment:  (1)  a  l/20th-scale  full  model  and 
(2)  a  l/lOth-sctde  forebody  section  model 
shown  in  Fig.  2.  For  the  F/A'18  experiments, 
two  models  were  used:  (1)  a  l/32nd-scale  full 
model  and  (2)  a  6%-scale  forebody  section 
model.  The  l/32nd-scale  model  was 
constructed  to  accommodate  only  the  nozzle 
blowing.  The  6%-scale  model  had  several 
different  nose  pieces  which  accommodate 
different  methods  of  control  including  nozzle 
blowing,  slot  blowing,  slot  suction,  and  a 
rotatable  nose-tip  strake  system  as  shown  in 
Fig.  3. 

3.0  FOREBODY  VORTEX  CONTROL  USING 
PNEUMATIC  METHODS 

Results  of  pneumatic  forebody  vortex 
control-jet  blowing,  slot  blowing,  and  suction 
-will  be  discussed. 

3.1  YisuidiatiiiBuif  ihcjafwt  of  fiwunatig 
Forebody  Raw  Contol  oa  fla  Yoass  Flow 

3.1.1  Jet  Blowing  Aft 

The  general  effects  of  blowing  aft 
underneath  a  forebody  vortex  are  to  delay  die 
separation  and  move  the  vortex  closer  to  die 
surface.  Onrespondingly,  the  separation  on 
the  opposite  side  is  advanc^  and  the  vortex  is 
mov^  farther  off  the  surface.  The  induced 
asymmetry  results  in  a  higher  suction  on  the 
blowing  side  and,  thus,  a  yawing  moment 
towards  the  same  ade.  The  effecdvraess  and 
nature  of  the  control  depends  strongly  rm  the 
angles  of  attack  and  sideslip  which  dictate  the 
nature  of  the  basdine  flow.  Results  of  the  F/A- 
18  study  will  be  used  for  illustration. 

For  o  ••  35®  to  55®,  the  baseline  F/A-18 
frsebody  flow  is  symmetric.  As  demonstrated 
in  Fig.  4a,  by  blowing  under  the  right  vortex  at 
50®  angle  of  attack,  it  can  be  deduced  that 
blowing  under  either  vortex  perturbs  the 
vortical  flow  from  a  symmetric  configuradon 
into  various  degrees  of  asymmetry.  Altering 
the  vtntex  position  by  blowing  also  alters  the 


separation  locaticm,  with  a  high  vortex  always 
associated  with  an  early  separation  and  vice 
versa.  The  results  demonstrate  that  the 
magnitude  of  available  control,  as  revealed  by 
the  maximum  controllable  vortex  asymmetry, 
increases  with  the  angle  of  attack  due  to  the  ftict 
that  the  strength  of  die  forebody  vortices  and 
their  potential  for  large  asymmetry  also 
increases  with  a. 

For  o  •>  55®  to  60®,  the  forebody  flow 
is  naturally  asymmetric.  For  the  6%  F/A-18 
model,  without  blowing  the  natural 
disturbances  favor  a  left-vortex-high  flow 
configuration  which  is  associated  with  an 
earlier  flow  separation  on  the  left  side. 
Blowing  underoeMh  the  right  vonex  delays  the 
separation  on  the  right  side  and  moves  the  right 
vortex  even  closer  to  the  surface  while  Ae 
opporite  htqipens  on  the  left  The  non-blowing 
asymmetry  is,  therefore,  enhanced  and  the 
ri^t-pointing  moment  increased.  On  the  other 
hand,  blowing  underneath  the  left  vortex 
moves  the  left  vmtex  closer  to  the  surface.  The 
non-blowing  asymmetry  and  the  right-yawing 
moment  are,  therefore,  reduced  and  eventually 
reversed. 

Fot  a  •>  60°  to  65®,  the  baseline  flow  is 
characterized  by  a  "bi-stable"  condition. 
Figure  4b  shows  the  response  of  the  flow  to 
blowing  at  a  =  60°.  The  photos  were  taken  in 
time  sequence  to  demonstrate  die  "bi-stable" 
nature  of  the  flow.  Starting  from  the  upper  left 
photo  (Photo  i),  which  shows  a  high  left 
forebody  vortex  without  blowing,  the  results 
show  that  the  vortex  orientation  is  not  altoed 
by  blowing  underneath  the  left  vortex  at  Cu  = 
0.1  IxKF^  (Photo  ii).  When  Cjx  is  increased  to 
0.41x10*3,  as  in  Photo  iii,  the  vortex  pattern  is 
switched  from  an  mriginally  left-vortex-high 
orientation  in  Photo  i  to  a  right-vortex-high 
orientation.  The  observation  is  that,  depending 
on  which  side  blowing  is  administered,  the 
forebody  vortex  flow  can  be  switched  between 
two  stable,  asymmetric  states  which  are 
essentially  the  nrirror  image  of  each  odier.  The 
vortex  pattern,  once  switched  from  one 
configuration  to  the  other,  will  stay  essentially 
in  the  new  pattern  with  die  blowing  off  as  in 
Photo  iv  nath  the  exception  bdng  t^  the 
degrw  of  asymmetry  is  slighdy  hitler  if  the 
blowing  is  left  on.  While  it  is  mfficult  to 
maiiaain  a  syrnmetric  vortex  pattern  by  blowing 
on  one  side  only,  an  almost-symmetric  flow 
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can  be  maintained  by  blowing  simultaneously 
and  approximately  evenly  on  both  sides.  Even 
very  minute  changes  in  the  blowing  rates, 
howevo’.  will  result  in  a  lar^  flow  asymmetry. 
This  demonstrates  that  a  slight  asymmetry  can 
indeed  cause  the  flow  to  assume  one  of  the 
stable  but  asymmetric  states.  As  demtmstrated 
by  results  of  siiimltaneous  blowing  on  both 
sides,  the  role  of  a  small  unavddable  model 
geometric  asymmetry  seems  mainly  to  bias  the 
flow  pattern  towank  one  of  the  asymmetric 
states,  even  when  the  blowing  is  symmetrically 
applied  to  both  sides.  A  sufficiently  large 
transient  perturbation  such  as  a  large  sidesUp 
change  or  blowing  can  switch  the  flow  from 
one  state  to  another. 

The  overall  results  on  jet  blowing 
demonstrate  that  sizable  vortex  asymmeffy  can 
be  generated  by  afit  blowing  with  r^tiveiy  low 
blowing  rates,  typically  less  than  IxlO'^,  even 
at  large  sideslip  angles.  Tests  performed  with 
the  aft  set  of  nozzles  show  thtu  the  control  is 
significantly  less  effective  when  conqnued  with 
the  blowing  nozzles  closer  to  the  tip  of  the 
nose.  The  blowing  needed  to  produce  a  given 
vortex  asymmetry  could  be  ten  times  hi^Msr. 

A  strong  coupling  between  the 
forebody  and  the  LEX  vortices  can  be 
observed  A  high  foiebody  vortex  on  one  side 
is  associated  with  a  ddayed  LEX  vwtex 
breakdown  on  the  same  side.  Thus,  at  zero 
sideslip,  a  positive  (right  wing  down)  tolling 
moment  would  be  indu^  whatever  a  poative 
(nose  right)  yawing  moment  is  generated  and 
vice  versa.  That  is,  the  yaw  and  roll  moments 
would  be  such  that  a  coordinated  turn  is 
produced  with  blowing. 

3.1.2  PulMHletBlnwinyAft 

Due  to  the  time-lag  effect,  pulsing  the 
blowing  jet  can  potentially  reduce  the  bkming 
required  to  piomice  a  given  yawing  moment 
That  is,  it  may  not  be  necessary  to  maintain 
steady  blowing  in  order  to  produce  a  desired 
vortex  pattern  because  one  may  be  able  to  space 
the  pulses  by  a  neiiod  which  is  shorter  than  the 
time  it  talm  for  the  vortices  to  reposition 
themsehet  after  die  blowing  is  stomed 

The  ^fect  of  imlsed  Uowug  on  the 
foiebi^  flow  was  demonstrated  in  the  F-16 
study.^  Bdow  a  certain  {Htefrequoicy,  die 
vortex  pattern  shows  a  period  finctuaion. 


which  is  directly  related  to  the  pulsing 
frequency.  For  high  enough  reduced 
frequencies,  however,  the  vortex  pattern 
becomes  essentially  st^y  as  a  result  of  the 
time-lag  effects  associated  widi  die  vortices  and 
die  separation.  The  results  show  that  the 
primary  function  of  blowing  is  the  contrtdling 
of  flow  separation.  At  the  initiation  of 
blowing,  the  separated  boundary  layer 
reattaches  due  to  the  entrainment  from  the 
blowing  jet  along  the  surface.  The  blowing- 
side  vortex  resptmds  to  the  change  in  the 
separation  location  and  readjusts  to  a  position 
closer  to  the  surface  and  farther  towturd  the 
leeward  side.  The  interaction  between  the  two 
vortices  causes  the  primary  separation  on  the 
other  side  to  advance  to  the  windward  side  and 
the  vortex  to  move  farther  from  the  surface. 

When  the  blowing  is  pulsed  at  a 
sufficiently  high  rate,  the  vortices  will  be 
"locked"  into  a  fixed  position  due  to  the  time- 
lag  of  the  vortex  response.  From  the  flow 
visualization  results,  it  is  evident  that  die  time- 
lag  associated  with  flow  separation  is  decidedly 
shorter  than  that  associated  with  vortex 
position.  Even  when  pulsed  at  a  relatively  hi^ 
rate,  the  separation  on  die  blowing  sitte  wm 
le^iond  essentially  immediately  to  changes  in 
the  blowing  condition.  The  separation  on  the 
non-blowing  side,  on  the  other  hand,  remains 
essentially  steady.  This  is  because  die  change 
in  separation  location  on  the  non-blowing  si^ 
is  contndled  by  the  dumging  vortex  rather  than 
the  vortex  b^g  control!^  by  altering  the 
separation  locamn  as  on  the  blowing  side. 
Thus  the  net  result  of  pulsed  blowing  (at 
sufficiently  high  frequencies)  is  diat  die  vortex 
pair  and  the  separation  at  Ae  non-blowing  sute 
become  steady  due  to  the  time-lag  effect,  evoi 
though  the  stnaration  on  Ae  blowing  ^e  is 
oscillating  at  the  Mowing  frequency. 

WheAer  pulsed  blowing  offers  any 
advantages  over  steady  blowing  u  not  clear  at 
diisptmt  While  a  sinular  vortex  pattern  can 
be  maintained  wiA  a  Iowct  average  blowing 
rate  wiA  pulsed  blowing  than  steao^  blowing, 
part  of  die  benefit  in  the  form  of  controlled 
yawing  moment  may  be  lost  due  to  die  periodic 
levertion  of  die  sepiDation  on  the  blowing  sUe 
to  the  non-blowing  condition.  A  certain 
fractional  loss  in  the  maximum  yawing 
moment,  however,  mav  be  an  acceptable  tiade- 
off  in  certain  qqplications  due  to  die  potential 
reduction  in  blowing  lequhemenL 
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3.1.3  Jet  Blowing  Fotwaid 

Based  on  lesults  of  the  generic  fighter. 
F-16,  and  F/A-18  studies  (Refs.  g.  17. 20-22). 
the  effect  of  forward  blowing  is  strongly 
d^ndent  on  the  model  attitude,  blowing  rate, 
and  position  of  the  blowing  no^e.  The  fluid 
mechanics  of  forward  blowing  is  not  entirely 
understood  at  this  point  There  seems  to  be 
two  primary  effects  of  forward  blowing.  Near 
the  nozzle  exit  where  the  jet  velocity  is  high, 
entrainment  effect  dominates.  Farther  away 
from  the  exit,  the  jet  is  slowed  down  by  the 
streamwise  flow  and  a  stagnation  zone 
develops.  The  effect  of  blowing  depends 
strongly  on  the  blowing  rate  and  the  angle  of 
attack. 

At  low-to-moderate  blowing  rates  and 
when  natural  separation  location  is  far 
leeward  such  as  at  low  angles  of  attack,  the 
accelerated  flow  around  this  zone  creates  a 
suction  region  and  a  yawing  mnnent  towards 
the  blowing  side  may  be  expected.  At  high 
angles  of  attack  where  the  nahiral  separation  is 
far  windward,  forward  blowing  basically 
promotes  eariy  separation  at  low-to-moderate 
blowing  rates  and  a  yawing  moment  away  &om 
the  blowing  side  is  expected.  One  point  of 
interest  at  idl  angles  of  attack  is  that  while  the 
local  separation  location  is  significantly  altoed 
at  any  blowing  rate,  the  vortex  positimi  does 
not  change  significantly  until  at  higher  blowing 
rates  whm  the  blowing  jet  can  reach  the  region 
close  to  the  ^x.  Under  this  condition,  the 
vortex  on  die  blowing  side  is  lifted  from  the 
surface  and  a  yawing  moment  away  from  the 
blowing  side  may  result. 

At  hign  blowing  rates,  entrttinment 
effect  of  the  blowing  jet  dominates  and 
separation  is  de^ed  on  the  blowing  side.  In 
this  case  the  efmt  of  frvwaid  blowing  is 
similar  to  that  of  aft  blowing.  That  is.  a 
yawing  moment  increment  tow^  the  blowing 
side  is  generated. 

3.1.4  siatBkming 

The  effect  <rf’ blowing  tangentially  fixim 
a  slot  along  the  side  of  die  forebody  will  be 
illustrated  uring  the  F/A-lg  water  tunnel 
results. 


3.1.4.1  Aft  Slot 

Blowing  from  the  aft  slot  has  only 
minor  effects  on  the  primary  vortex  trajecuxy 
throughout  the  angle  of  attack  range  tested. 
Off-s^ace  visualizuion  reveals  that  from  diis 
blowing  position,  most  of  the  blowing  jet  is 
being  entrained  after  s^aration  into  the  LEX 
vortex.  Since  the  vorticity  generated  at  the 
leading  edge  of  the  LEX  predominates  in  most 
situations,  the  effect  of  the  blowing  jet  on  the 
LEX  vortex  (most  noticeably  the  breakdown 
location)  is  relatively  small.  At  higher  angles 
of  attack  (>  ~5(F),  die  blowing  slot  was  locked 
after  the  normal  flow  separation  location  and 
die  blowing  bectxnes  less  effective. 

Surface  dye  flow  visualization  shows 
that  the  primary  effect  of  slot  blowing  is  to 
delay  the  flow  sqiaration  on  the  blowing  ride. 
The  effect  increases  progressively  with  the 
blowing  rate.  Thus  even  diough  the  vortex 
trajectory  is  not  altered,  at  zero  sideslip 
conditions  a  jawing  moment  towards  the 
blowing  side  is  expected.  This  is  in  basic 
agreement  with  previous  numerical  and 
experinKntal  studies  reported  in  Ref.  19.  The 
results  in  Ref.  19,  however,  show  that  the 
separation  on  the  blowing  ride  can  be  delayed 
much  fiuther  than  was  possible  in  the  {uesent 
experiment  In  additioD,  a  much  stronger  effect 
on  the  vortex  trajectory  than  the  present 
experiment  was  observed.  This  mw  be  partly 
a  result  of  the  rather  large  difference  in 
Reynidds  numben  between  the  two  studies. 
The  computation  in  Ref.  19  was  done  at  a 
Reynolds  number  of  1 1.52x10^  (turbulent)  and 
the  water  tunnel  results  were  obtained  at 
Reynolds  number  of  less  dian  1x10^  (lantinar). 
AiKidier  potentially  rignifiriam  diffierem  is  that 
die  conqmtation  in  Rrf.  19  always  starts  widi  a 
naturally  symmetric  vortex  patton,  while  in  the 
present  case  the  vortices  can  be  highly 
asymnetric  even  in  the  absence  of  Mowing. 

3.1.4.2  FgniraatStal 

Unlike  blowing  fixim  the  aft  slot, 
blowing  from  the  forward  slot  has  a  strong 
effect  on  die  vortex  trajectory.  Atsnfificiendy 
high  blowing  rates,  the  vortex  on  the  blowing 
side  moves  close  to  the  surfrme  while  the 
opposite  luqipens  on  die  non-blowing  side. 
IM  control  becomes  effective  at  a  lower  angle 
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of  attack  (-30®)  compared  with  jet  blowing 
(-3S°),  although  the  location  of  the  blowing 
nozzle  is  inobably  a  major  factor.  Theeffectof 
blowing  is  strongly  dependent  on  the  axial 
location  due  to  significant  variations  in  local 
flow  conditions  along  the  blowing  slot 
compared  with  the  case  ^  the  aft  slot 

An  example  oi  the  flow  visualization 
results  is  shown  in  Fig.  S  for  a  =  50®. 
Blowing  does  not  have  a  strong  effect  on  the 
vortices  at  -  0.83x10*3.  Surface  flow 
visualization,  however,  reveals  that  flow 
separation  is  significandy  delayed.  At  Cm  = 
1.32x10*3,  blowing  essentially  eliminates  me 
separation  on  the  blowing  side  very  near  the  tip 
region  and  the  flow  separates  at  the  leeward 
meridian.  The  planfmm  view  reveals  that  the 
p<^on  of  the  vortex  at  the  apex  region  is 
eliminated  and  a  new  vortex  reforms  at  a 
slightly  aft  region.  Appreciable  changes  in  the 
vortex  trajectory  were  observed  with  the 
blowing-si^  vortex  being  at  tiw  low  positicm. 
The  separated  shear  layer  can  be  seen  to 
become  unstable  and  roll  up  into  individual 
vortices  which  interact  with  the  forebody 
vortices  farther  downstream. 

3.1.5  Surface  Suction 

For  the  F/A-18  erqieriment,  suction  was 
in  the  frarn  of  a  slot  along  the  135®  windward 
meridian.  While  no  attempt  was  made  to 
optimize  the  geometry  of  the  slot,  several  slot 
lengths  were  tested  and  die  control  was  found 
to  be  effective  even  with  a  relatively  short  slot 
(approximately  0.25"  in  length)  if  the  slot  is 
located  close  to  the  tip.  At  a  -  30®  and  50° 
and  no  sideslip,  a  very  low  suction  rate  (Cp  < 
0.3x10*3,  bas^  on  the  average  velocity  at  the 
slot)  was  needed  to  effect  the  maximum 
asymmetry  in  the  vortex  flow  pattern  ftv  the 
respective  angles  of  attack.  The  results  show 
that  the  control  is  effective  even  at  tdative  large 
sideslip  angles  (>20®),  though  higher  suction 
rates  are  needed  to  effea  sin^  changes  in  the 
vortex  pattern  compared  with  the  no  sideslip 
conditions. 

3.2  Pmces  and  Momenta  Generated  bv 

PncamafcCaand 

The  eiqiierimental  results  described  in 
the  following  sections  are  intended  to 


demonstrate  the  effectiveness  of  various 
pneumatic  methods  in  producing  controlled 
forces  and  moments.  Hk  main  emphasis  was 
on  the  concq>ts  of  blowing  in  the  fotms  of  a  jet 
and  a  slot 

3.2.1  Transient  and  Temporal  Behaviors 

Due  to  the  slow  testing  speed  of  the 
water  tunnel,  certain  transient  and  tenqxnral 
behaviors  are  readily  revealed  by  the  yawing 
moment  measurements.  Figure  6  shows  an 
example  of  the  yawing  moment  history  at  a  = 
50®  for  the  F/A-18  when  blowing  on  the  right 
side.  The  results  reveal  that  the  yawing 
nxrment  can  be  highly  unsteady,  and  that  a 
large  transient  over-shoot  in  the  yawing 
moment  can  occur  when  a  peiturbation  (in  the 
form  of  a  jet  in  this  case)  is  imposed  or 
removed. 

Above  a  of  about  60®,  flow 
visualization  reveals  tiutt  the  flow  becomes  "bi¬ 
stable".  The  yawing  moment  at  a  =  60° 
becomes  more  steady.  The  yawing  moment 
can  be  switched  betw^  two  essentially  steady 
values  by  blowing,  and  keeping  the  blowing  on 
after  switching  only  changes  the  yawing 
moment  1^  a  relativdy  small  amount 

3.2.2  rime-Avmge  Bdiaviots 

The  steady-state,  tinoe-average  yawing 
moment  for  the  FM*18  at  a  =  50®  is  plotted  in 
Hg.  7  as  a  function  of  the  blowing  coefiiciait 
few  slot  blowing,  jet  blowing  in  the  aft 
direction,  and  jet  blowing  in  the  forward 
direction.  Positive  represents  blowing  on 
tile  right  ride,  while  represents  blowing  on 
the  left  side.  The  results  show  that  without 
blowing  the  flow  over  the  jet-blowing  model  is 
mostly  symmetric,  while  the  slot-blowing 
model  shows  a  moderate  negative  yawing 
moment  This  is  in  agreement  with  the  flow 
visualization  results  in  which  the  slot-blowing 
model  shows  a  right-voctex-high  configuration 
without  blowing.  This  is  probably  doe  to  a 
small  geomc^  asymmetty  in  tiie  slot  locations 
on  left  and  right  sides  of  the  fixebotfy. 

Hgure  7  shows  that  for  bra  the  slot 
blowing  am  jet  blowing  in  the  aft  directimi,  a 
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yawing  moment  towards  the  blowing  side  is 
produced  while  the  opposite  is  true  for  jet 
blowing  in  the  forward  direction.  This  is  again 
in  agreement  with  the  flow  visualization  results 
which  show  that  the  slot  blowing  and  jet  aft- 
blowing  delay  separation  and  move  the  vortex 
on  the  blowing  side  towards  the  surface,  while 
forward  blowing  enhances  separation  on  the 
blowing  si^.  The  results  also  show  that  slot 
blowing  is  the  most  effective  in  producing 
controlled  yawing  moments  at  steady-state 
conditions.  Of  the  three  blowing  schemes,  it 
produces  the  highest  magnitude  of  yawing 
moment  at  a  given  blowing  coefficient  and  the 
highest  attainable  yawing  moment.  The  jet 
forward-blowing  is  the  least  effective  in  these 
regards. 

Examples  of  the  wind  tunnel  results  of 
blowing  aft  on  the  generic  fighter  are  shown  in 
Figs.  8-11  (from  Ref.  8).  Figure  8  shows  the 
case  for  the  generic  fighter  (Fig.  1)  with  a  clean 
fbrebody.  Blowing  is  implemented  on  the  right 
and  left  sides  individutdly  at  different  rates. 
The  natural  asymmetry  for  the  non-blowing 
case  is  oriented  to  inoduce  a  positive  yawing 
moment,  which  coincides  with  a  vortex  pattern 
where  the  right  side  vortex  is  closest  to  the 
forebody,  thereby  providing  a  higher  suction 
force  in  tlw  nose-right  direction.  By  blowing 
on  the  right  side,  the  already  asymmetric 
condition  is  enhanced  and  the  asymmetry 
persists  to  even  higher  angles  of  attack  than  ficv 
the  non-blowing  case.  Blowing  on  the  left  side 
of  the  forebody  is  effective  in  changing  the 
yawing  moment  in  the  opposite  direction,  but  is 
not  effective  in  completely  overcoming  the 
natural  asymmetry  for  all  an^es  of  attack. 
Note  also  that  the  blowing  coef^em  needed  is 
high  compared  with  that  of  the  F/A-18.  Thisis 
due  primarily  to  the  more  aft  location  of  the 
nozzles  on  tlw  genetic  fighter. 

It  would  appw  that  the  most  effective 
technique  for  utilizing  blowing  to  provide 
effective  and  controluble  variation  of  the 
yawing  moment  would  be  to  start  with  a 
baseline  configuration  which  has  a  yawing 
moment  inherently  near  zero  through  the  angle 
of  attadc  mige  and  to  perturb  die  moment  away 
fiom  zero.  Figure  9  shows  a  case  where  the 
forebody  was  modified  with  symmetrically 
mounted  nose  strakes  1.0d  in  kagth,  0.05d  in 
heifdit  at  41  ■>  105",  which  was  fowid  in  earlier 
test  results  to  be  an  effetnive  strake  geometry 
and  placement  to  minimiae  die  asymmetry  c€ 


the  vortices.  The  effect  of  varying  the  blowing 
rate  on  either  side  is  denoonstnued.  Increasing 
blowing  produces  increased  yawing  moment  in 
the  dilution  of  the  side  on  which  blowing 
occurs.  While  the  effects  of  blowing  left  and 
right  are  not  exactly  mirror  images,  &  effects 
are  very  similar.  The  yawing  moment 
produced  by  a  30°  rudder  deflection  is  plotted 
in  the  same  figure  for  comparison.  It  can  be 
seen  that  blowing  starts  to  generate  sizeable 
yawing  mcnnents  when  the  rudder  begins  to 
lose  its  effectiveness  at  about  30°  angle  of 
attack.  The  required  to  generate  a 
maximum  yawing  moooent  similar  to  the  30° 
rudder  at  a  =  0°  is  about  7.5x10'^,  and  is  about 
30x10'^  in  order  to  generate  a  yawing  moment 
^vice  that  of  the  ru&er.  While  these  blowing 
coefficients  are  rather  high,  the  water  tunnel 
results  of  the  F/A-18  demonstrate  that  a 
substantial  reduction  in  the  blowing 
requirement  can  be  achieved  (as  much  as  an 
order  of  magnitude)  by  moving  the  blowing 
nozzle  closer  to  the  tip  and  by  optimizing  the 
nozzle  locations  and  geometry. 

An  indication  of  the  effectiveness  of 
blowing  with  difierent  sideslip  angles  is  shown 
in  Fig.  10.  The  case  shown  is  for  an  angle  of 
attack  of  60°.  The  progression  of  increased 
yawing  moment  with  blowing  rate  in  the 
direction  of  blowing  seems  to  hold  reasonably 
well  with  sideslip  angles  to  at  least  20°.  The 
significance  of  the  results  shown  in  this  figure 
is  that  with  blowing  on  the  appropriate  side,  a 
yawing  moment  can  be  generated  that  will 
overcome  the  negative  directional  stability 
which  is  evident  without  blowing,  i.e.,  Cn  is 
negative  for  positive  p.  With  blowing  it  is 
possible,  for  exanqile  to  generate  positive 
for  positive  p. 

Figure  1 1  shows  the  case  for  blowing 
forward  on  the  left  and  blowing  aft  on  the  right 
at  «  0.03.  Forward  blowing  can  be  seen  to 
be  graerating  yawing  moments  even  at  much 
lower  angles  of  attack  than  aft  blowing.  There 
aiqiears  to  be  some  significant  influence  at 
angles  of  attack  as  low  as  10°.  Blowing 
forward  on  the  left  sitfe  alone  produces  a 
moment  to  the  left  At  lower  bkiwinf  rues, 
blowing  forward  produced  a  moment  in  a 
direction  opposite  to  die  Mowing  side,  as  was 
seen  for  the  F-18  configuration  in  Pig.  7.  It 
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appears  that  from  this  nozzle  location  a  low 
blowing  rate  causes  premature  separation  and, 
therefore,  a  force  away  from  the  blowing  side 
and  higher  blowing  rates  delay  separation  and 
create  a  suction  force  on  the  direction  of  the 
blowing  side.  Blowing  aft  on  the  right  side 
alone  produces  a  moment  to  the  right.  The 
most  interesting  result  is  the  result  of 
combining  these  two  blowing  schemes  to  blow 
simultaneously.  The  initial  presumption  would 
be  that  the  resulting  moment  would  be  a  value 
that  would  be  between  the  values  for  each  of 
the  two  individual  results.  Figure  11, 
however,  shows  that  the  moment  generated  by 
forward  blowing  on  u:e  left  is  enhanced 
significandy  in  the  same  direction  by  blowing 
aft  on  the  right  instead  of  being  itKxiified  in  the 
direction  of  aft  blowing  alone.  In  fact,  it 
appears  that  the  magnitude  of  the  additional 
moment  created  by  the  aft  blowing  is  nearly 
equal  to  the  magnitude  of  the  aft  blowing  alone, 
but  the  direction  is  reversed.  There  is  an 
extremely  elective  synergistic  effect  of  the 
simultaneous  blowing  which  cannot  be 
achieved  with  either  individual  blowing  scheme 
alone. 

4.0  FOREBODY  FLOW  CONTROL 
USING  FOREBODY  STRAKES 

An  asymmetric  pair  of  strakes  can 
produce  asymmetries  so  that  yawing  moments 
can  be  produced  to  enhance  aircraft 
controUalnlity.  The  effectiveness  of  the  control 
depends  on  tlK  size,  geometry,  and  position  of 
the  strakes.  Figure  12  shows  the  effect  of 
varying  the  height  of  the  strake.  The  baseline 
configuration  (no  strakes)  is  plotted  for 
reference.  Results  for  three  different  strake 
heights  are  shown:  0.02d,  0.()4d,  and  0.08d 
for  both  left  and  right  sides,  llie  yawing 
moment  dau  show  near  mitTor  images  for  left 
or  right  strikes  of  the  same  heights.  The  most 
sign^cant  information  is  the  behavim  of  the 
yawing  moment  with  the  various  strake 
heights.  For  exanqile,  at  a  >>43'’ the  direction 
of  Ae  yawing  mometw  for  the  smallest  strike 
height  (0.02d)  on  the  left  is  to  the  leff.  When 
the  strike  height  is  increase  to  0.04d.  the 
nooment  is  still  to  the  left  but  decreased.  When 


extoided  to  foil  height,  the  moment  is  reversed. 
It  appears  that  between  a  strake  height  of  0.04d 
and  0.08d,  the  behavior  of  the  forebody 
vortices  are  changed  and  the  vmtex  pattern  is 
reversed. 

Hence,  the  effect  of  a  strake  on  the 
forebody  flow  is  strongly  dependent  on  the 
height  It  can  be  conjectu^  that  at  very  small 
hnghts,  foe  strake  delays  separatitm  on  foe  side 
where  it  is  deployed  by  tricing  foe  boundary 
layer  and  causing  transition.  ‘Ilus  allows  the 
flow  to  maintain  a  higher  suctimi  <m  foe  same 
side  of  foe  body,  with  foe  vortex  positioned 
closer  to  the  body  than  the  vortex  on  the 
opposite  side.  At  large  heights,  separation 
occurs  essentially  at  the  edge  of  the  strake, 
thereby  causing  foe  separation  to  be  closer  to 
foe  windward  side  than  foe  separation  on  the 
opposite  side.  This  results  in  the  vortex  on  the 
side  with  the  strake  being  farther  off  foe  body 
than  the  one  on  the  clean  side,  thereby 
producing  a  forebody  sideforce  and  yawing 
moment  contribution  in  a  directimi  opposite  to 
the  side  with  the  strake.  The  hei^t  of  the 
strake  where  this  "crossover"  occurs  is, 
undoubtedly,  fairly  sensitive  to  foe  Reynolds 
number,  the  flow  on  foe  forebody  for  these 
tests  is  undoubtedly  laminar  near  foe  tip  and 
transitional  over  foe  rest  of  foe  body  and,  thus, 
a  small  strake  can  be  very  effective  in  causing 
transition  (tf  the  boundary  layer  fitxn  laminar  to 
turbulent  Disturbances  to  foe  boundary  layer 
flow  and  the  iirmiediatB  flowfidd  by  strakes  for 
a  fiiU-scale  configuration,  where  ^  boundary 
layer  is  fiilly  turiwlent  for  all  but  the  tip  region, 
may  have  a  significantly  different  result  The 
effect  of  a  str^  should  also  be  dqiendent  on 
the  local  boundary  layer  thickness  and  the 
location  of  the  strake  relative  to  the  natural 
separation  location  wfaufo  is  stron^y  dqiendent 
on  the  angles  of  attack  and  sideslip. 

Overall,  the  wind  tunnel  results  show 
that  yawing  moments  of  different  magnitudes 
and  directions  can  be  generated  ^  extending 
the  strake  to  different  heights.  The  primary 
function  of  the  strake  is  controlling  the 
separation  location.  In  {vactice,  the  required 
size  of  foe  strake  is  an  mnottant  oonsidention. 
The  following  section  will  discuss  foe  results 
of  another  control  device  based  on  lotttable, 
miniature  nose-t^  strakes. 
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5.0  FOREBODY  FLOW  CONTROL 
USING  ROTATABLE.  MINIATURE  NOSE- 
TIP  STRAKES 

5.1  The  rotatable  nose-tip  strake  shapes 
were  shown  in  Fig.  3.  Tests  were  conducted 
with  a  single-strake  and  with  a  pair  of  strakes. 
The  dual  strakes  are  Exed  at  ±75°  from  the 
windward  side  of  the  model  (as  shown  in  Fig. 
3)  and  are  rotated  as  a  pair  maintaining  the  151^ 
separation  angle.  The  single-strake  is  rotated 
with  the  zero  reference  coinciding  with  the 
strake  on  the  windward  side  of  the  r^el. 

5.2  Visualization  of  the  Effect  of  the 
Strakes  on  the  Vortex  Flow 

The  flow  visualization  results  show  that 
the  rotatable  nose-tip/boom  strakes  (xi  the  F-16 
and  F/A-18  start  having  a  noticeable  effect  on 
the  forebody  vortices  at  a's  above  30°.  The 
effect  is  dependent  on  the  angle  of  attack  and 
the  nature  of  the  baseline  flow.  Results  from 
the  F/A-18  experiments  will  be  used  as 
examples. 

From  o  ■  30°  to  60°,  rotating  the 
strakes  on  *e  F/A-18  to  different  positions  can 
change  the  vortical  flow  from  a  symmetric 
configuration  into  various  degrees  of 
asymmetry.  At  any  angle  of  attack,  there 
appears  to  be  a  maximum  attainable  vortex 
asymmetry.  The  magnitude  of  available 
control,  as  revealed  by  die  maximum  attainable 
vortex  asymmetiy,  is  the  same  for  the  left  and 
right  sides  and  increases  with  the  angle  of 
atuck.  Figure  13  shows  examples  ^  the 
results  at  a  a  50°  for  the  dual  strakes  with  no 
sideslip  which  demonstrate  the  various  degrees 
of  vortex  asymmetry  that  can  be  achieved.  As 
shown  in  Hg.  13,  a  symmetric  deployment  of 
the  strakes  in  general  results  in  a  symmetric 
pair  of  forebody  vortices.  When  the  strakes  are 
rotated  to  an  asymmetric  configuratkm,  the  side 
with  a  stndce  closer  to  the  windward  meiklian 
is  associated  with  a  vortex  closer  to  the 
forebody  which  implies  a  yawing  moment 
pointing  towards  the  same  tide.  The  conmd 
is  effect  even  at  a  tddeslip  angle  of 

For  a's  above  about  60°,  the  baseline 
vortex  flow  becomes  bi-stable.  The  strakes  do 
have  an  effect  on  the  degree  of  vortex 


asymmetry  of  the  baseline  flow.  The  natural 
asymmetry  can  be  reduced  or  increased  by  a 
small  amount  by  moving  the  strakes  to  different 
positions.  The  effect  of  the  strakes,  however, 
is  apparently  not  sufficiently  strong  to 
overcome  the  natural  asymmetry  and  forced  the 
flow  into  a  symmetric  state  even  when  the 
strakes  are  deployed  symmetrically.  While  a 
symmtric  vmtex  pattern  caimot  be  induced  by 
placing  the  strakes  statically  at  any  iwsition, 
due  to  the  time  lag  effect,  a  quasi-steady 
syinmetric  pattern  can  be  maintained  by 
oscillating  the  strakes  rapidly  about  a 
symmetric  position. 

Overall,  flow  visualization 
demonstrated  that  the  nose-tip  strakes  provide 
similar  kinds  of  control  on  the  forebody 
vortices  as  many  other  control  methods  such  as 
large  deployable  strakes  and  blowing.  The 
control  is  effective  over  wide  ranges  of  sideslip 
(0°  to  >20°)  and  angles  of  attack  ( -30°  to  65° 
or  hi^er).  The  vortices  can  be  manipulated 
into  different  patterns  by  rotating  the  strakes  to 
different  angular  positions. 

5.3  Yawing  Moments  Generated  bv  the 

lipscTip  SiraKcs 

The  main  purpose  of  the  yawing 
moment  results  is  to  quantify  the  controlling 
effect  of  the  nose-tip  strakes.  In  addition  to  the 
dual-strake,  a  single-strake  was  tested  to  aid  in 
the  understanding  of  the  control  mechanism. 
For  the  single-strake,  the  zero  roll  angle  was 
defined  as  when  the  strake  is  at  the  windward 
meridian  (^  -  0°).  For  the  dual-strake,  die  zero 
position  was  when  the  strakes  were 
symmetrically  located  at  ^  =  ±75°. 

The  single-strake  results  are  shown  in 
Fig.  14.  At  a  s  50°  the  yawing  moment 
essentially  switches  between  two  extreme 
values.  The  moment  direction  switching 
occurs  over  very  narrow  angular  ranges 
centered  apjnoxunately  about  four  ndl  angles: 
0°,  60°.  180°,  and  300°.  When  the  strake  is 
located  at  ^'s  from  0°  to  ±60°,  the  yawing 
momoit  generated  is  toward  die  side  widi  die 
strake.  For  the  other  angles,  the  yawing 
moment  generated  is  away  from  the  side  with 
the  strake.  Flow  visualization  reveals  that  at 
a  >  50°  with  the  single-strake  in  place  the 
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vortex  flow  tends  to  assume  one  of  two 
asymmetric  states,  although  symmetric  flow 
can  be  maintained  by  carefully  placing  the 
strake  at  the  four  roll  angles  where  the  moment 
switches  signs.  Apparently,  the  single-strake 
creates  rather  sizable  asymmetric  disturbances 
at  most  rotational  angles  and  thus  the  flow  is 
"locked"  into  highly  asymmetric  states.  The 
yawing  moment  at  a  =  40°  varies  more 
gradually  with  nose-tip  roll  angle  and  with 
smaller  amplitude,  providing  an  easier  task  to 
hold  yawing  moment  at  zero. 

As  shown  in  Fig.  15,  the  yawing 
moment  generated  by  the  dual-strake  behaves 
vastly  different  from  that  of  the  single-strake. 
While  the  maximum  yawing  moments  that  can 
be  generated  are  similar  in  magnitude  to  that  of 
the  single-strake,  the  dual-strake  moment  varies 
much  more  gradually  with  the  nose-tip  roll 
angle.  That  is,  the  second  strake  has  a 
significant  modulating  effect  on  the  first  strake. 
Above  a  of  about  60°,  flow  visualization 
reveals  that  the  flow  becomes  "bi-stable". 
Results  at  a  =  60°  show  that  the  yawing 
moment  can  be  controlled  by  the  nose-tip  roll 
angle  but  to  a  much  lesser  degree.  A 
symmetric  flow  cannot  be  maintained  with  the 
strakes  deployed  symmetrically.  The  behaviors 
of  the  single-  and  dual-strake  yawing  moments 
at  different  nose-tip  roll  angle  are  explained  in 
detail  in  Ref.  21. 

6,0  DISCUSSIONS 

Implications  of  the  observed  results  on 
the  flow  asymmetries  and  various  aspects  of 
the  control  methods  will  be  discussed  in  this 
section.  Advantages  and  limitations  of  the 
control  methods  will  be  described  and 
compared. 

6.1  Mechanisms  of  Vortex  Control 

The  various  methods  of  vortex  control 
all  work  on  the  principle  of  producing  a  forced 
asymmetry  or  a  biased  natural  asymmetry. 
Common  to  all  the  methods  tested  is  that  very 
effective  control  on  the  vortex  asymmetry  can 
be  obtained  by  controlling  the  separation  near 
the  tip  region.  In  essence,  the  flow  pattern  is 
modified  so  that  the  effective  geometry  of  the 


tip  is  altered.  The  specific  working 
mechanisms  of  the  methods  are  described 
below. 

6.1.1  Jet  Blowing 

The  primary  function  of  jet  blowing  is  the 
controlling  of  flow  separation  by  entrainment. 
As  sketched  in  Fig.  16a,  at  the  initiation  of 
blowing,  the  separated  boundary  layer 
reattaches  due  to  the  entrainment  from  the 
blowing  jet  along  the  surface.  The  blowing- 
side  vortex  responds  to  the  change  in  the 
separation  location  and  readjusts  to  a  position 
closer  to  the  surface  and  farther  toward  the 
leeward  side.  The  interaction  in  the  form  of 
mutual  entrainment  near  the  apex  region 
between  the  two  vortices  causes  the  primary 
separation  on  the  other  side  to  advance  to  the 
windward  side  and  the  vortex  to  move  farther 
from  the  surface.  Unfortunately,  with  a  fixed 
blowing  nozzle  it  is  impossible  to  maintain  the 
absolute  optimal  relationship  between  the 
blowing  jet  and  the  separated  flow  throughout 
the  entire  range  of  operation  since  the 
separation  location  changes  with  angles  of 
attack  and  sideslip  and  the  blowing  rate.  Thus, 
the  position  and  the  direction  of  the  fixed 
nozzle  would  necessarily  have  to  be 
compromised  for  the  operating  conditions  of 
interest.  Furthermore,  the  maximum  attainable 
vortex  asymmetry  is  limited  by  the  angular 
location  of  the  blowing  nozzle  which  places  a 
limit  on  how  far  the  separation  can  be  delayed. 

6.1.2  Slot  Blowing 

Slot  blowing  operates  on  the  principle 
of  circulation  control.  As  depicted  in  Fig.  16b, 
blowing  energizes  the  flow  near  the  surface  so 
that  it  is  more  capable  of  overcoming  the 
adverse  pressure  gradient.  The  separation  on 
the  blowing  side  is  therefore  delayed.  The 
resultant  changes  in  vortex  strength  and 
trajectory  then  determine  the  eventual  flow 
asymmetry. 

Blowing  from  the  aft  slot  location, 
while  effective  in  controlling  the  local  flow 
separation,  does  not  affect  the  vortices  at  the 
region  where  their  interaction  is  the  strongest. 
TIk  changes  imposed  in  the  aft  location  also  do 
not  result  in  changes  upstream  of  the  region. 
Blowing  from  the  forward  slot,  on  the  other 
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hand,  effects  changes  in  the  region  where 
vortex  interaction  is  the  strongest  and  where  the 
flow  has  a  predominating  effect  on  the  vortex 
trajectory.  The  disturbance  created  in  this 
region  also  propagates  along  the  entire  vortex. 
Thus  the  forwari  slot  position  is  more  effective 
from  a  pure  aerodynamic  standpoint. 

Blowing  from  a  fixed  slot  has  the  same 
limitation  as  jet  blowing,  i.e.,  an  absolute 
optimal  relationship  between  the  blowing  slot 
and  the  separation  location  cannot  be 
maintained  throughout  the  angle  of  attack  and 
sideslip  ranges.  Care  must  also  be  taken  in 
shaping  the  slot  to  prevent  the  onset  of  shear 
flow  instability  which  results  in  the 
degeneration  of  the  jet  sheet  into  individual 
vortex  filaments. 

6.1.3  Suction 

As  depicted  in  Fig.  1 6c,  suction  works 
on  the  principle  of  circulation  control  which 
means  a  high-energy  boundary  layer  flow  is 
maintained  by  pulling  the  high-speed  flow 
toward  the  surface.  Thus  it  functions  in  many 
ways  similar  to  slot  blowing.  With  the  present 
slot  arrangement,  the  suction  required  to  effect 
a  large  vortex  asymmetry  is  very  low  and  the 
control  is  effective  even  at  relatively  large 
sideslip  (>20°). 

l^ile  suction  from  a  slot  was  tested  in 
this  study  and  was  shown  to  be  very 
promising,  other  forms  of  suction  may  be 
potentially  more  effective.  Continuous  suction 
thiough  a  porous  surface  had  been  shown  to 
provide  a  similar  degree  of  control  at  a  much 
lower  suction  rate  (Ref.  23).  Optimizing  the 
location  of  the  porous  surface  can  further 
reduce  the  suction  requirement.  A  distributed 
suction  is  also  likely  to  be  effective  over  a  wide 
range  of  angles  of  attack  and  sideslip.  More 
importantly,  the  suction  requirement  decreases 
rapidly  with  increasing  Reynold.s  number  (Ref. 
23).  Thus,  at  actual  flight  conditions,  the 
suction  level  may  be  extremely  low. 

6.1.4  Forebodv/Nose-Tip  Strakes 

The  rotatable  nose-tip  strakes  are 
intended  to  influence  directly  only  a  small 
region  near  the  tip  of  the  forebody  where  the 
flow  plays  a  predominating  role  in  controlling 
the  vortex  position,  while  large  strakes  directly 
affect  a  much  larger  region  aft  of  the  tip.  Large 


strakes  essentially  dictate  that  a  large  portion  of 
the  forebody  flow  separates  at  the  leading 
edges  of  the  strakes.  The  small  nose-tip 
str^es,  on  the  other  hand,  can  behave  much 
like  the  vortex  generators  on  many  existing 
aircraft  wings.  As  depicted  in  Fig.  16d,  one  of 
the  perceived  functions  of  the  strakes  is  to 
generate  small  vortices  which  energize  the 
boundary  layer  farther  aft  to  delay  flow 
separation.  \^ile  the  deflectable  strake  has  a 
fixed  hinge-line,  the  nose-tip  strakes  are  free  to 
rotate  to  any  angular  position.  This  allows  the 
nose-tip  strakes  to  be  positioned  more 
optimally  relative  to  the  forebody  vortices  and 
separation  locations  for  a  wider  range  of  angles 
of  attack  and  sideslip,  especially  if  the  left  and 
right  strakes  can  be  made  to  rotate 
independently. 

One  important  question  is  how  small 
the  strakes  can  be  and  still  be  effective  as  a 
control  device.  Small  nose-tip  devices  such  as 
those  in  Refs.  13  and  14  produce  very  little 
vorticity  of  their  own.  They  seem  to  function 
mainly  by  providing  a  bias  to  the  flow 
asymmetry  near  the  tip  region  and,  thus,  would 
function  most  effectively  when  the  forebody 
flow  is  at  or  near  the  naturally  asymmetric 
regime.  Large  forebody  devices  such  as  the 
strakes  used  in  Refs.  7  and  8  do  produce 
sizable  vorticity  locally.  Thus,  one  would 
expect  these  devices  to  be  effective  in 
controlling  the  forebody  flow  over  a  wider 
range  of  flow  conditions  when  compared  with 
the  miniature  devices.  One  of  the  determining 
factors  on  the  size  of  the  strakes  is  operation^ 
requirements  such  as  anticipated  angles  of 
attack  and  sideslip. 

6.2  Comparison  of  the  Different  Methods 
of  Forebodv  Vortex  Control 

The  advantages  and  limitations  of  each 
of  the  control  methods  will  be  discussed  in  this 
section.  One  important  point  to  bear  in  mind 
is,  especially  in  the  cases  of  the  suction  and 
rotatable  stipes,  none  of  the  methods  tested 
has  been  optimized.  The  discussions  are 
therefore  based  only  on  presently  available 
results. 

6.2.1  Overall  Effectiveness 

One  of  the  main  differences  among  the 
control  methods  tested  is  their  overall 
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effectiveness  over  an  extreme  wide  range  of 
angles  of  attack  and  sideslip.  In  this  regard, 
the  rotatable  nose-tip  strake  seems  to  offer  a 
potential  advantage.  Among  the  pneumatic 
control  methods  tested,  suction  is  perhaps  more 
effective  due  to  the  relatively  non-localized 
effect  of  suction  on  the  boundary  layer.  The 
slot  and  jet  blowing  are  somewhat  more 
restrictive  since  the  fixed  locations  of  the  slots 
and  the  blowing  nozzles  cannot  maintain  an 
optimal  relationship  with  the  flow  separation 
location  throughout  a  wide  range  of  operating 
conditions.  Nevertheless,  all  the  methods 
tested  were  shown  to  be  capable  of  functioning 
effectively  over  a  fairly  wide  range  of  angles  of 
attack  and  sideslip. 

6.2.2  Blowine/Suction  Requirements  for 
Pneumatic  Control 

While  there  may  be  many  other 
potential  sources  of  blowing  and  suction, 
engine-bleed  is  assumed  to  be  the  source-of- 
choice  for  the  present  discussion.  The  present 
results  show  that  the  C|i  requirements  for  the 
slot  and  the  jet  blowing  are  well  within  the 
limits  of  practicality.  For  the  surface  suction 
method,  assuming  that  the  suction  is  available 
from  an  ejector  pump  arrangement  with  the 
engine-bleed  as  the  power  source  and  that  the 
available  suction  is  about  half  the  magnitude  of 
the  corresponding  engine-bleed,  the  suction 
requirement  is  also  low  enough  to  be  practical. 
It  remains  to  be  verified  in  future  studies 
whether  the  values  of  the  blowing  and  suction 
coefficients  obtained  in  sub-scale  water  and 
wind  tunnel  '?sts  arc  directly  applicable  to  flight 
conditions. 

6.2.3  System  Complexity  and  Intrusiveness 
on  Other  Operations 

The  blowing  and  suction  systems 
should  consist  of  very  few  moving  parts.  The 
physical  sizes,  both  internal  and  external  of  the 
forebody,  are  the  main  considerations.  The 
nozzle  blowing  is  likely  to  have  the  simplest 
internal  plumbing  system  and  small  external 
dimensions.  The  need  to  maintain  desired 
forms  of  blowing  and  suction  distributions 
would  likely  result  in  certain  complexities  in  the 
plumbing  systems  for  slot  blowing  and 


suction.  Slot  blowing  and  especially  suction 
will  probably  result  in  very  sm^  modifications 
to  the  external  surface  of  the  forebody.  In 
comparison  to  the  pneumatic  methods,  the 
forebody  strakes  will  consist  of  more  moving 
parts  both  external  and  internal  of  the  forebody 
which  may  present  more  interference  on  other 
aircraft  operations.  Miniaturization  of  the 
system  is  thus  a  key  priority.  In  this  regard, 
the  rotatable  nose-tip  strakes  concept  would 
seem  promising. 

6.3  Comparison  of  Various  Yaw  Control 
Methods 

To  put  the  requirements  for  forebody 
blowing  and  the  resulting  yaw  control  moment 
into  perspective  compared  to  other  means  of 
yaw  control  including  1)  conventional  rudder 
control,  2)  thrust  vectoring,  and  3)  reaction 
jets  on  the  forebody,  a  typical  flight  case  will 
be  used  for  illustration.  We  will  assume  an 
aircraft  in  the  F/A-18  class  with  regard  to  size, 
thrust,  wing  area  etc.  We  will  evaluate  the 
magnitude  of  the  yawing  moment  that  can  be 
generated  at  an  altitude  of  1.5,000  ft  at  M=0.3. 
The  example  of  forebody  control  by  blowing 
will  be  based  on  an  aft  blowing  jet  near  the  tip 
of  the  forebody,  as  discussed  in  Section  3.1. 
Based  on  the  results  discussed  ir  this  paper  and 
others,  we  will  assume  that  a  yawing  moment 
coefficient  that  is  equal  in  magnitude  to  that  of  a 
fully-deflected  rudder  at  a  =0  (Cn  =  0.03  in 
Fig.  9  for  a  generic  fighter)  can  be  generated  by 
blowing  with  an  aft-facing  jet  with  a  blowing 
coefficient  of  Cm  =  0.001 . 

Also,  tor  comparison  to  thrust 
vectoring,  we  will  assume  that  the  maximum 
thrust  available  from  the  two  engines  at 
15,000  ft  is  1/2  of  the  thrust  available  at  sea 
level  (32,000  lbs),  i.e.,  T=16,000  lbs.  The 
four  options  to  be  considered  for  yaw  control 
arc  the  following: 

1)  Rudder 

2)  Thrust  vectoring 

3)  Forebody  thrust  reaction  jets 
(normal  to  forebody  surface) 

4)  Forebody  pneumatic  vortex  control 
(with  jets  tangential  to  forebody  surface 
blowing  in  the  aft  direction) 
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Referring  to  Fig.  17  the  contributions  to 
the  yawing  moments  (YM)  for  the  various 
control  schemes  are  illustrated.  Note  that  the 
yawing  moment  for  vortex  control  in  Fig.  17d 
is  expressed  as  a  linear  variation  with  the 
blowing  coefficient,  C^,  which  can  be 
rewritten  as  shown  to  express  the  yawing 
moment  as  a  multiplying  factor  or  augmentation 
ratio  times  the  yawing  moment  generated  by  the 
same  mass  flow  from  a  reaction  jet 
perpendicular  to  the  forebody  surface  shown  in 
Fig.  17c.  The  size  of  this  factor,  Ka,  is 
dependent  upon  the  effectiveness  of  the 
blowing  scheme,  i.e.  its  effectiveness  in 
generating  an  asymmetric  flow  resulting  in  a 
yawing  moment.  We  will  now  show  a 
numerical  comparison  between  these  four 
examples  at  a  typical  flight  condition  where  the 
following  parameter  values  are  appropriate: 

h  =  15,000  ft  (altitude) 

M  =  0.3  (Mach  number) 

V  =  330  ft/sec  (flight  velocity) 
qoo  =  75  Ibs/ft^  (based  on  h  and  V) 

A  =  400  ft^  (wing  area) 
b  =  40  ft  (wing  span) 

T  =  16,000  lbs  (thrust) 

Xn  =  33  ft  (nose  distance  from  eg) 

Xt  =  27  ft  (tail  distance  from  eg) 

With  the  assumed  blowing  coefficient 
of  Cp  =  0.001 ,  the  corresponding  mass  flow 
rate  m  is  calculated  from 


(Vj  =  jet  velocity  (sonic),  1100  ft/sec) 

•  CpqooA 

m  =  = 

(.001)  (75)  (400) 

1100 

0.0272  slugs/sec  or  0.88  Ibm/sec 

If  we  now  substitute  the  numerical  data 
into  the  equations  shown  in  Fig.  17,  we  can 
evaluate  the  respective  contributions  of  each  of 
the  schemes: 

1)  Rudder  (Fig.  17a) 

(YM)r  =  C„  rud  qo-Ab  =  (0.03)  (75) 

(400)  (40)  =  36,000  ft-lbs 


2)  Thrust  Vectoring  to  match  the  rudder 
(deflection  angle  of  4.78°)  (Fig.  17b) 

(YM)  TV  =  (T  sin  0)  Xj  =  (16,000)  (sin 
4.78°)  (27)  =  36,000  ft-Ibs 

3)  Reaction  Jets  (Fig.  17c) 

(YM)  Rj  =  m  Vj  Xn  =  (0.88/32.2)  (1 100) 
(33)  =  986  ft-lbs 

4)  Vortex  Manipulation  for  Control  (Fig.  17d) 

(YM)  VMC  =  CnvMC  O-Ab  =  (0.03)  (75) 
(400)  (40)  =  36,000  ft-lbs 

In  comparison  to  the  level  of  the 
yawing  moment  available  from  the  rudder 
deflection  of  36,000  ft-lbs,  thrust  vectoring  at 
full  thrust  would  require  approximately  a  4.78° 
deflection.  The  yawing  moment  generated  by 
vortex  control  compared  to  that  from  the 
r^  etion  control  jet  is  a  factor  of  36,000/986  or 
36.5  times  larger.  That  is, 

Ka  =  =  36,000/986  =  36.5 

(YM)rj 

Therefore,  for  the  same  blowing  coefficient,  jet 
blowing  to  manipulate  the  forebody  vortices 
can  be  36.5  times  more  effective  than  simply 
using  the  jets  as  a  reaction  jet  thruster. 

To  put  the  blowing  requirement  of  0.88 
Ibs/sec  into  perspective,  the  engine  bleed  rates 
that  are  available  for  the  F-18's  F404  engine  at 
an  altitude  of  15,000  feet  at  80%  throttle  is 
approximately  4  Ibs/sec  per  engine.  Not  all 
would  be  available  for  a  forebody  blowing 
system,  but  some  percentage  could  possibly  be 
used.  As  seen  above,  the  maximum  mass  fiow 
rate  that  might  be  required  for  a  yaw  control 
moment  at  least  as  large  as  the  rudder's 
maximum  contribution,  is  a  total  of  0.88 
Ibs/sec  or  0.44  Ibs/sec  per  engine.  In  other 
words,  a  blowing  rate  on  the  order  of  10%  of 
the  available  bleed  air  would  be  adequate  to 
produce  a  yawing  moment  of  36,000  ft-lbs  at 
the  flight  conditions  used  in  this  example.  The 
most  demanding  case  for  a  real  combat 
situation  might  be  as  much  as  Mach  0.6  at  the 
same  altitude  or  higher.  Since  the  r'ass  flow 
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requirements  for  a  given  blowing  coefficient, 
Cji,  increase  with  qoo.  increasing  the  Mach 
number  to  M=0.6  from  0.3  would  increase  the 
mass  flow  requirements  by  a  factor  of  4  or 
approximately  40%  of  the  available  bleed  air, 
an  amount  which  may  still  be  an  achievable 
mass  flow  rate. 

This  comparison  shows  the  viability  of 
the  forebody  vortex  control  compared  to  other 
methods.  It  is  also  possible  that  the  blowing 
requirements  could  be  met  by  an  independent 
onboard  pressure  system,  at  least  for  short  duty 
cycles,  and  engine  bleed  would  not  necessarily 
be  the  only  choice  for  a  blowing  source. 

7.0  SUMMARY  AND  CONCLUSIONS 

Several  methods  of  controlling  the 
forebody  flow  at  moderate-to-high  angles  of 
attack  were  studied  in  water  and  wind  tunnel 
experiments.  The  results  can  be  summarized  as 
follows: 

1.  The  methods  were  shown  to  be 
effective  over  a  wide  range  of  angles  of  attack 
and  sideslip.  TTie  characteristics  of  the  control 
depend  strongly  on  the  baseline  vortical  flow 
which  can  take  on  several  different  forms  as 
dictated  by  the  aircraft  attitudes  and  the 
presence  of  external  perturbations. 

2.  The  experiments  demonstrated  that 
all  the  methods  tested  work  basically  on  the 
principle  of  separation  control.  The 
mechanisms:  blowing,  suction,  and  vortex 
generators,  have  been  well-proven  for 
applications  on  conventional  aircraft  wings  for 
separation  control.  Applications  of  the  control 
methods  on  the  forebtxly  flow,  at  least  from  a 
pure  aerodynamic  standpoint,  enable  many  of 
the  control  methods  that  are  impractical  on  the 
wings  to  become  potentially  practical  on  the 
forebody.  Compared  with  the  wings,  control 
on  the  forebody  is  required  over  a  much 
smaller  area  and,  thus,  physical  requirements 
such  as  blowing  and  suction  rates,  and  size  and 
weight  should  be  much  smaller.  The  presence 
of  two  closely  spaced  vortices  around  the 
forebody  enhances  the  effectiveness  since 
controlling  the  separation  also  controls  the 
vortices  which  can  significantly  increase  the 
available  control  forces.  The  lengthy  forebody 


a  modem  fighter  further  enhances  the  control 
effectiveness  by  providing  a  long  moment  arm. 

3.  In  terms  of  blowing  and  suction 
requirements  and/or  mechanic^  complexity, 
most  of  the  methods  tested  would  seem  at  least 
potentially  practical.  Each  method,  however, 
offers  its  own  advantages  and  disadvantages, 
and  there  is  probably  no  single  method  which 
is  the  best  for  all  situations.  The  optimal 
method  for  a  given  application  is,  perhaps 
obviously,  dependent  on  the  mission 
requirements,  physical  limitations,  and  the 
partcular  configuration. 

4.  Regardless  of  which  particular 
form,  the  control  is  most  effective  when 
applied  at  the  region  close  to  the  tip  of  the 
forebody.  In  essence,  the  flow  pattern  at  the 
tip  region  is  modified  so  that  the  effective 
geometiy  of  the  tip  is  altered. 
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Figure  7  Steady-state  mean  yawing  moment  as  a 
function  of  blowing  rate  for  blowing 
from  the  forward  slot,  jet  aft-blowing, 
and  jet  forward-blowing  on  die  6%  F/A- 
i8ata«S0° 


Figure  8  Yawing  moment  coefficient  for  baseline 
configuration,  clean  forebody,  blowing 
aft  at  various  rates  form  right  or  left 
ports  at  x/d  >  0.3  and  ^  -  135”;  generic 
fighter 
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Figure  10  Effect  of  sideslip  angle  at  a  >  60°  on 
yawing  moment  coefficient  for 
configuration  widi  symmetric  strakes,  ^ 
=  105°,  1st  =  l.Od,  hyr  =  0.05d.  Blowing 
aft  on  left  or  right  side  at  x/d  ^  0.5  and  ^ 
=  135°:  generic  fighter 
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Figure  11  Yawing  moment  coefficient  for 
configuration  widi  symmetric  stiakes,  ^ 
»  105°,  1st  *  l.Od,  hsT  "  0.03d.  Blow^ 
forward  M  at  x/d  o  1 .0  and  ^  - 135°  and 
Mowing  aft  right  at  x/d  -  0.3  and  f  - 
13S!  gneric  fi^ner 
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Figure  12  Effect  of  forebody  strake  height  with 
individual  strakes  on  either  the  left  or 
right  side  (length  =  l.Od,  ^  =  10S°i: 
generic  fighter 


Figure  1 4  Steady-stale  mean  yawing  moment  as  a 
function  of  nose-tip  roll  angles  for  a 
single  strake  at  40°  and  50°  angle  of 
attack;  6%  F/A-18. 
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Figure  15  Steady-stale  mean  yawing  moment  as  a 
function  of  nose-tip  roll  angles  for  the 
dual-strake  at  50  degree  angle  of  attack: 
6%  F/A-18 


(a)  jet  blowing  aft 
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Suaaary 

Forebody  vortex  flos  characteristics 
are  discussed  in  terms  of  the  forebody 
flomfield  aerodynamics  and  the  impact  of 
this  flow  on  the  resulting  forces  and 
moments  that  limit  combat  maneuverability. 
Test  results  are  presented  for  several 
pneumatic  forebody  vortex  control  designs 
applied  to  a  1/8  scale  model,  1/16 

scale  P-16  model ,  and  a  55  degree  cropped 
delta/chined  forebody  model  representative 
of  future  fighter  configurations. 


Introduction 

Forebody  generated  vortices  on  the 
leeward  side  of  an  air  combat  aircraft  can 
produce  forces  that  dominate  air  vehicle 
trajectory  control  and  adversely  impact 
flight  stability  in  the  region  beyond  wing 
stall.  For  the  purposes  of  analysis  and 
discussion,  forebody  geometries  can  be 
separated  into  two  categories;  those  that 
have  cylindrical  or  elliptical  cross 
sections  typical  of  the  F-5  and  F-16 
aircraft,  and  chined  shapes  which  are 
appearing  on  modern  fighter  aircraft  such 
as  the  YF-22  and  YF-23. 

The  aerodyoamicB  generated  by  the  two 
types  of  forebody  architectures  are  quite 
different.  The  elliptical/cylindrical 
shapes  generate  a  bi-stable  pair  of 
vortices  at  high  incidence  (Figure  1)  that 
produce  asymmetric  forebody  forces  and 
moments  that  change  sign  and  magnitude  with 
angle-of-attack .  References  1  through  7 
describe  in  detail  the  basic  aerodynamics 
of  rounded  forebodies  having  different 
cross-sections,  fineness  ratios,  planform 
and  profile  shapes.  The  forsbody 
contribution  to  the  overall  aircraft 
aerodynamics  at  high  angles-of-attack 
depends  heavily  on  these  shape  parameters. 
Figure  2  from  reference  1  graphically 
illustrates  the  swing  in  yawing  moment 
coefficient  experienced  by  the  P-5F 
aircraft  as  it  traverses  through  the  high 
amgU  -of-attack  flight  region.  The 
bshaviovr  of  sero  sideslip  yawing  mMests 
is  determined  by  factors  euch  as  forebody 
length,  cross  ssctiomal  shape,  nose  apex 
aagle,  small  surface  i^»srfections  at  the 
nose  npex,  nnd  downstream  surfaces. 

Precise  control  of  forsbody  vortex 
any— etries  on  elliptical/cyliodrical 
shapes  at  high  incidence  can  produce 
aircraft  yawii^  moments  squal  to  or  greater 
in  mmgnitude  than  those  produced  by  the 
rudder  operating  at  los  amgles^f-attack. 
Exploiting  tbie  pheno— na  for  the  purpose 
of  increased  air  combat  maneuverability  is 


a  continuing  program  within  the  USAF  Flight 
Dynamics  Directorate.  References  8  through 
16  represent  the  highlights  of  documents 
generated  on  forebody  vortex  control  in 
past  years . 

Chined  forebodies  are  beginning  to 
appear  on  modern  combat  aircraft, 
particularly  those  designed  for  use  by  the 
United  States  Air  Force,  because  of  the 
desire  to  keep  aircraft  mission 
survivability  high  by  keeping  the  airframe 
radar  signature  low.  The  drawing  In  Figure 
3  depicts  a  typical  chined  forebody  shape 
that  has  been  the  subject  of  several  recent 
experimental  aerodynamic  investigations. 

The  flowfield  generated  by  this  forebody 
geometry  consists  of  a  pair  of  strong 
symmetrical  vortices  shed  along  each  chine 
line  that  persist  to  very  high  angles-of- 
attack.  At  intermediate  angles-of-attack 
the  forebody  and  wing  vortices  commingle 
(Figure  4),  resulting  in  limited  available 
maximum  lift  and  lift-to-drag  performance, 
in  addition  to  producing  zero  sideslip 
rolling  and  yawing  mcxnentB  of  considerable 
magnitude.  At  very  high  incidences  the 
lifting  chined  forebody  produces  a  large 
destabilizing  nose-up  pitching  moment  which 
must  be  counteracted  by  large  tail 
surfaces . 

Chined  forebody  vortex  flow  control 
research  is  just  currently  getting  a  good 
start.  The  information  available  in  this 
area  is  limited  in  scope  and  covers  only 
basic  concepts  and  ideas  supported  by 
experiments  with  models  having  features 
similar  to  next  generation  fighter 
aircraft.  Basic  research  has  shown  that 
forehody  controls  can  produce  large  rolling 
moments  as  well  as  effectively  control  wing 
and  forebody  chine  vortex  interactions  that 
limit  maneuverability  potential.  Research 
is  beginning  on  pneumatic  and  mechanical 
concepts  that  either  alter  the  chine  vortex 
trajectory  or  prematurely  burst  the 
forsbody  chine  vortex. 


Wind  Tunnel  Tests 

Following  is  a  discussion  of  pneumatic 
forehody  vortex  control  aeromechanics  based 
on  developmental  research  programs 
sponsored  by  the  Wright  Laboratories. 

Tbs  majority  of  the  material  presented 
addresses  cylindrical/elliptical  forebody 
vortex  control  techniques,  since  tbis  area 
of  research  b—  received  the  most  emphasis 
in  tbs  past  two  ysars.  A  limitsd  amount  of 
material  for  chined  forebodies  is  prsssnted 
for  oosf iguratioDS  having  fsatures  similar 
to  next  gsnsration  fightsr  aircraft. 
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X-29  Conf iguratioo 

The  objective  of  these  wind  tunnel 
testa  was  to  apply  the  Malcolm  forebody 
vortex  control  designs  (Reference  10)  to 
the  X-20  configuration  in  order  to  bridge 
the  gap  from  generic  configurations  to  an 
optimized  high  performance  fighter 
configuration.  The  ground  rules  for  the 
design  followed  guidelines  for  a  system 
that  would  be  practical  to  implement  at 
minimum  cost.  Therefore  the  designs 
reflect  simplicity  and  should  not  be 
considered  optimal. 

Wind  tunnel  tests  were  conducted  using 
the  USAP  1/8  scale  X-20  model  shown  in 
Figure  5.  Tests  on  the  full  model  were 
conducted  in  the  Grumman  Aerospace  7’xlO’ 
Low  Speed  Wind  Tunnel  at  Mach^O.S  and  at 
atmospheric  pressure.  Angle-of-attack  and 
sideslip  were  varied  from  0.0  to  44.0  and  - 
10.0  to  5.0  degrees  respectively. 
Aerodynamic  force  and  moment  data  were 
obtained  in  these  tests.  Tests  on  the 
forebody  model  shown  in  Figure  6  were 
conducted  in  the  Aer^echanics  Divisions* 
2*x2’  Trisonic  Wind  Tunnel  at  Mach=0.3  at 
O.S  atmospheres  pressure.  Angle-of-attack 
and  sideslip  were  varied  from  0.0  to  45.0 
and  from  0.0  to  ^>10.0  degrees > 
respectively.  Laser  light  sheet  flow 
visualisations  were  obtained  to  add  a  more 
thorough  understanding  of  the  full  model 
results.  Both  of  these  models  were 
modified  for  forebody  jet  blowing  and  all 
forebody  controllers/ef f ectors  were 
interchangeable  between  the  models. 

Results  are  presented  for  tangential 
forebody  jet  blowing  with  the  nozzles 
located  axially  at  0.5  diameters  from  the 
nose  apex  and  radially  at  the  135  degree 
location.  The  pertinent  features  from 
three  variations  on  this  nozzle  placement 
are  discussed.  Force  and  moment  data  are 
presented  in  conjunction  with  flow 
visualizations  to  explain  how  the  changes 
in  the  forebody  vortex  flowfield  relate  to 
forces  generated  by  forebody  blowing.  The 
sense  of  direction  for  the  flow 
visualisation  discussion  is  from  an 
upstream  view  looking  down  the  nose  of  the 
model .  Annotations  on  the  data  plots 
refer  to  a  cockpit  perspective. 

Single  Jet  Blowing  Aft 

Figure  7  shows  the  body  axis  yawing 
iB<meot  versus  angle-of-attack  for  various 
blowing  rates  of  either  the  left  or  right 
jet  pointed  tangentially  aft.  The 
magnitude  of  yawing  moment  generated 
became  adequate  for  directional  control 
above  40  degrees  AOA  for  Cli[U=0.0105.  Data 
for  the  various  blowing  rates  show  that  the 
yawing  moment  response  was  largely 
proportional  to  the  blowing  rate.  Figure  8 
shows  a  representation  of  the  changes  in 
vortex  positions  observed  in  the  forebody 
visualisations  at  45  degrees  angle  of 
attack.  The  visualisations  showed  that 
without  blowing  the  forebody  vortices  were 
in  a  nearly  symmetric  pattern-  With  the 
left  jet  turned  on  to  GlfU«0.010  the 
foreb^y  vortices  were  in  a  highly 
asymmetric  pattern  with  tbs  left  side 
vortex  polled  down  close  to  the  surface. 

The  lower  pressures  induced  on  the  bloving 
aids  of  the  forsbody  result  in  a  yawing 
memsat  towards  tbe  blowing  side. 

Peculiar  characteristics  for  Uiis 
blowing  arraagsmsat  vers  obmsrrsd  at 
sidamlip  coaditioas.  Figure  9  sbosa  the 
body  axis  yawiag  moment  vsraum  sidsalip 
aagls  at  44  degress  AOA.  At  low  valusm  of 


beta  (-f  or  -  3.0  degrees)  the  blowing  jet 
provided  a  constant  yawing  moment 
increment.  Beyond  this  sideslip  range,  the 
increment  decayed  and  eventually  reversed 
sign.  Figure  10  shows  the  differences  in 
the  vortex  positions  between  left  jet  and 
right  jet  blowing  observed  at  a=45.0 
degrees  and  fi=S.O  degrees.  With  the  right 
jet  blowing  tbe  right  forebody  vortex  was 
pulled  down  closer  to  the  surface  as  before 
in  the  zero  beta  case.  However,  with  the 
left  jet  blowing  an  unexpected  result  was 
obtained.  The  left  forebody  vortex 
position  was  unchanged  while  the  right 
forebody  vortex  was  pulled  closer  to  the 
surface  as  if  the  right  jet  were  blowing. 
This  can  be  explained  in  terms  of  the  well 
documented  sideslip  behaviour  of  primary 
vortex  separation  lines  (Reference  5)  on 
horizontal  ellipse  forebodies  and  the 
importance  of  the  jet  location  to  these 
separation  lines.  When  the  lef t(leeward) 
vortex  separation  advances  to  a  position 
low  on  the  forebody  due  to  increased 
sideslip,  it  moves  beyond  the  influence  of 
the  left  jet.  At  the  same  time,  the 
rigbt(windward)  separation  line  is  delayed 
to  a  point  h  igh  on  the  forebody  by  the 
sideslip  condition  and  moves  into  the 
region  influenced  by  the  left  jet-  In 
other  words,  the  windward  vortex  can  be 
manipulated  with  either  jet  because  the 
primary  separation  line  is  close  to  both 
jets. 

Jet  Blowing  at  Strake  Corner 
Figure  11  shows  the  body  axis  yawing 
moment  versus  aoigle-of-attack  with  jets 
pointed  at  the  strake  trailing  edge  for 
blowing  either  the  right  or  the  left  jet  at 
CMUsO.OlO.  The  small  increments  below  5.0 
degrees  angle-of-attack  are  attributed  to 
the  jet  exit  momentiUD  being  pointed  at 
nearly  right  angles  to  the  fuselage  axis. 

As  the  angle-of-attack  was  increased, 
adequate  directional  control  was  generated 
in  the  15  to  35  degree  AOA  range.  Above  40 
degrees  the  increments  decayed  to  zero  and 
trends  indicate  a  sign  reversal  at  even 
higher  angles-of-attack .  Visualizations 
(not  shown)  revealed  that  the  baseline  case 
had  strong  symmetric  nose  strake  vortices 
positioned  close  to  the  body  surface.  With 
tbe  left  jet  blowing  at  ClfU=0.010  the  left 
nose  strake  vortex  was  displaced  up  and 
away  from  tbe  surface.  The  deficit  in 
vortex  suction  pressure  on  tbe  blowing  side 
results  in  a  yawing  moment  away  from  the 
blowing  side. 

Dual  Jets  Blowing  Aft 
Figure  12  shows  tbe  body  axis  yawing 
moment  versus  sideslip  obtained  at  44.0 
degrees  angle-of-attack  with  dual  jets 
pointed  tangentially  aft.  The  jets-off 
data  indicate  zero  or  slightly  wandering 
directional  stability  at  this  angle-of- 
attack.  Witb  both  jets  blowing 
simultaneously  at  Clfl^O.007,  the 
directional  stability  was  improved  beyond 
tbe  stability  level  observed  at  0.0  degrees 
angls-of-attack.  Figure  13  presents  tbe 
flow  visualisations  obtained  at  45  degrees 
AOA  and  ssro  sideslip.  These 
visualisations  show  that  both  vortices  were 
strengthened  nad  pulled  down  close  to  the 
surface .  This  augments  the  natural 
stability  iHiich  exists  for  this  forebody  at 
intermediate  aagles-of -attack.  Tbe 
stability  inersment  is  also  effected  by  the 
decay  of  tbe  leeward  Jet  effectivenese  with 
sideslip  as  observed  in  Figures  9  mad  10 
above. 
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F-16  Configuration 

A  low-speed  wind  tuonel  test  was 
conducted  to  examine  the  T-rospects  of  using 
blowing  to  influence  the  forebody  flowfield 
on  a  1/15  scale  P-16C  model.  The  goal  in 
applying  blowing  was  to  improve  the 
lateral-directional  stability  and  control 
characteristics  of  the  F-16  at  angles  of 
attack  greater  than  30* ,  and  it  was  hoped 
that  blowing  might  provide  a  means  with 
which  to  alleviate  the  "deep-stall" 
phenomenon  the  aircraft  experiences  in  the 
55*  to  70*  angle  of  attack  range  caused  by 
an  inadequate  amount  of  nose-down  pitch 
power.  Figure  14  shows  the  model 
installation  in  the  NASA  Langley  7*xl0*  HST 
Wind  Tunnel. 

A  1/15  scale  F-16G  blowing  forebody  was 
fabricated  and  mated  to  an  existing  model 
modified  to  incorporate  both  jet  nossle  and 
tangential  slot  blowing.  Two  pairs  of 
symmetric  jet  blowing  nozzles  were  located 
along  the  forebody  as  shown  in  Figure  15, 
with  one  pair  being  close  to  the  tip  of  the 
aircraft’s  nosecone  and  the  other  farther 
aft  near  the  radar  bulkhead,  and  a  pair  of 
blowing  slots  was  placed  symmetrically  on 
the  radome .  The  blowing  slots  were 
designed  so  that  a  sheet  of  fluid  was 
produced  tangential  to  the  forebody  in 
order  to  control  the  forebody  boundary 
layer ■ 

The  wind  tunnel  test  was  conducted  at  a 
freestream  Mach  number  of  0.4  and  the  angle 
of  attack  was  varied  between  0*  and  55*. 

At  angles  of  attack  of  30*,  35*  and  40* 
beta  polare  were  acquired  for  sideslip 
angles  of  -20*  to  20*.  The  data  consisted 
of  6-cofflponest  force  and  moment  data  and 
some  limited  laser  light  sheet  flow 
visualization  data  acquired  using  natural 
flow  condensation.  The  test  was  performed 
at  the  NASA  Langley  7ft  x  10ft  High  Speed 
Tunnel.  Figure  15  shows  a  photograph  of 
the  tunnel  installation. 

Jet  Nozzle  Blowing 

The  most  successful  jet  nozzle  blowing 
occurred  with  the  nosetip  nozzles  located 
at  FS  0.333.  At  the  maximum  angle  of 
attack  of  52* ,  symmetric  blowing  (blowing 
equally  on  both  sides)  at  a  of  0.00625 
produces  an  increase  in  the  nose  down 
pitching  moment  coefficient  of  0.05. 

Asymmetric  blowing  (blowing  on  one  side 
only)  with  the  nosetip  nozzles  produces 
large  yawing  moments  at  0*  sideslip  as 
shown  in  Figure  16.  Blowing  at  a  Cp  of 
0.0082  from  the  starboard  side  nozzle 
produces  a  negative  yawing  moment 
coefficient  of  sore  than  0.06  at  52*  angle 
of  attack.  At  lower  blowing  rates,  less 
yawing  moment  is  generated.  It  is 
interesting  to  note  that  by  blowing  os  the 
right-hand  side  of  the  forebody  a  nose  left 
aomient  is  generated.  The  right  side 
blowing  jet  displaces  the  forebody  vortex 
on  the  right-hand  side  to  a  position 
farther  away  from  the  fuselage.  The 
blowing  jet  also  causes  the  flow  on  the 
left  hand  side  to  stay  attached  to  a  point 
farther  around  the  forebody  due  to  the 
entrainment  effect  of  the  blowing  jet  on 
the  right.  This  combination  of  effects 
produces  a  substantial  side  force  to  the 
left. 

At  FS  3.000,  several  jet  nozzle  blowing 
directions  were  investigated .  The  optiMl 
direction  was  a  90*  nozzle  pointed  directly 
aft  into  the  USX  vortex  core.  Asymmetric 
blowing  produces  yawing  moment  coefficients 
of  0.02  and  O.OS  for  Cp*s  of  0.00836  and 


0.0115  respectively.  In  general, 
asymmetric  blowing  at  this  location  is 
approximately  1/3  as  effective  as  the 
asymmetric  nosetip  nozzle  blowing. 

Slot  Blowing 

Synmetric  slot  blowing  is  very 
effective  in  producing  a  nose-down  pitching 
moment  at  high  angles-of -attack.  As  shown 
in  Figure  17,  blowing  at  a  Cfi  of  0.00125 
per  side  increases  the  nose-down  pitching 
moment  coefficient  by  0.12  at  an  angle  of 
attack  of  52* .  The  increase  in  nose-down 
pitching  moment  remains  relatively  constant 
up  to  30*  angle  of  attack,  and  then 
increases  with  increasing  angle  of  attack. 
At  this  blowing  rate  the  aircraft’s  lateral 
stability  characteristics  are  not  affected. 
Higher  blowing  rates  reduce  the  nose-down 
pitch  authority  and  undesirable  yawing 
moments  are  generated.  The  blowing  rate  of 
0.00125  per  side  was  the  lowest  that  could 
be  accurately  metered,  and  therefore  the 
minimum  blowing  rate  required  to  produce 
this  nose-down  effect  is  not  known.  Lower 
blowing  rates  may  be  capable  of  producing 
the  seme  or  even  larger  nose  down  pitching 
moments . 

The  low  rate  symmetric  tangential  slot 
blowing  produces  a  nose-down  pitching 
m^ent  due  to  a  reduction  in  the  lift 
generated  on  the  forebody.  Tangential 
blowing  causes  the  boundary  layer  to  remain 
attached  farther  around  the  leeward  side  of 
the  forebody  resulting  in  delayed  flow 
separation.  This  delay  in  separation 
inhibits  the  development  of  the  forebody 
vortices,  causing  the  observed  reduction  in 
forebody  lift. 

Asymmetric  slot  blowing  is  also  very 
effective  in  altering  the  vortex  flowfield 
patterns,  producing  a  combination  of 
effects.  Blowing  at  the  minimum  Cp  of 
approximately  0.0007  on  the  starboard  side 
results  in  a  positive  yawing  moment 
coefficient  of  0.04  at  angles  of  attack 
greater  than  25*  as  shown  in  Figure  18. 

The  amount  of  yawing  moment  generated 
decreases  as  the  blowing  rate  is  increased, 
as  in  the  symmetric  blowing  case.  Again, 
the  minimum  blowing  rate  required  to 
produce  the  effect  was  not  determined  due 
to  test  equipment  restrictions. 

It  is  interesting  to  note  that  the  two 
mechanisms  which  control  the  forebody 
flowfield  produce  similar  fluid  dynamic 
effects,  but  there  means  of  achieving  them 
are  different.  Asymmetric  tangential  slot 
blowing  produces  a  yawing  moment  opposite 
that  of  asymmetric  jet  nozzle  blowing  for 
blowing  on  the  same  side.  Slot  blowing 
causes  the  flow  to  remain  attached  (on  the 
blowing  side)  farther  around  the  forebody 
due  to  the  Coanda  effect,  and  jet  nozzle 
blowing  causes  the  flow  to  remain  attached 
(on  the  non-blowing  side)  due  jet 
entrainment  effects  produced  by  the  blowing 
nozsle.  Bach  mechanism  also  displaces  the 
forebody  vortex  opposite  the  side  on  which 
the  flow  stays  attached. 


Chined  Forebody  Jet  Nossle  Blowii« 


A  water  tunnel  study  was  conducted  to 
determine  the  effecte  of  blowing  on  the 
forebody  chine/wing  vortex  interaction  on  a 
0.04  scale  generic  fighter  configuration 
having  a  56*  cropped  delta  wing  and  elender 
fuselage  forebody  with  chine-like  strakes. 
Tests  wers  performsd  in  ths  Asromsehaaies 
Divisions*  2ft  x  2ft  Hydrodynamic  Facility. 
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The  fre«strea«i  Reynolda  number  iram  11^500 
baaed  upon  the  mean  aerodynamic  chord  >  The 
ancle  of  attack  waa  varied  between  0*  and 
36*  for  anglea  of  aidealip  of  0*  and  5* . 

Jet  blowing  coefficient  baaed  upon  wing 
reference  area  waa  varied  between  0.01  and 
0.03.  The  wing  and  chine  vorticea  were 
viaualised  uaing  colored  dyea*  and  atill 
photography  and  video  tape  were  uaed  to 
record  the  data. 

A  0.04  acale  water  tunnel  model  waa 
uaed  in  thia  experiment  and  ie  ahown  in 
Figure  10.  The  model  had  a  flat  plate, 
untwiated,  and  uncambered  56*  cropped  delta 
wing  with  aharp  leading  edgea  beveled  at 
45*  f TMB  the  bottom  aurface .  The  wing  had 
an  aapect  ratio  of  1.8  and  a  wing  taper 
area  of  0.2.  Sharp  chine-like  atrakes  were 
attached  to  the  eidea  of  the  fueelage 
forebody  in  the  wing  plane,  and  were 
beveled  in  the  aame  manner  aa  the  main 
wing.  Jet  blowing  nosalea  were  positioned 
at  several  longitudinal  locations  along  the 
chined  forebody  aa  ahown  in  Figure  20. 

Pour  blowing  porta  were  located  on  each 
aide  of  the  fuselage  at  x/1  =  0.03,  0.26, 
0.44,  and  0.64.  All  the  blowing  ports, 
except  for  the  one  at  x/1  =  0.03,  could 
accept  any  one  of  a  series  of  blowing  jet 
noaales  which  could  be  oriented  in  any 
direction . 

Baseline  Flow 

The  strakes  produced  a  strong  forebody 
vortex  system  which  interacted  with  the 
wing  vortex.  This  simulated  rather  well 
the  vortex  interaction  of  a  more  complex, 
blended  chine  forebody /wing  configuration 
like  those  exhibited  on  the  ATF  prototypes 
YF-22  and  YF-23.  At  the  lowest  angle  of 
attack,  Q  s  9* ,  the  wing  and  chine  vorticea 
are  fully  developed  and  ao  vortex 
interaction  or  vortex  breakdown  occurs  aa 
ahown  in  Figure  21.  Aa  the  angle  of  attack 
increases,  the  wing  and  chine  vortices 
begin  to  interact  with  each  other  and. 
vortex  breakdown,  which  first  develops  in 
the  wake  of  the  model ,  moves  forward  toward 
the  trailing  edge  of  the  wing.  The 
relative  velocities  induced  by  one  vortex 
system  on  the  other  cause  the  chine 
vortices  to  be  pulled  down  and  underneath 
the  wing  vorticea.  At  first  this  vortex 
interaction  is  favorable,  in  that  vortex 
breakdown  moves  aft,  but  then  leads  to 
instabilities  which  promote  vortex 
breakdown  aa  illustrated  in  Figure  22. 

An  exhauative  matrix  of  locations  and 
positions  were  investigated  in  order  to 
determine  the  optimal  blowing 
configuration.  Only  data  from  the  optimal 
blowing  configuration  is  presented  in  this 
paper.  This  configuration  conaiate  of  a 
jet  noaale  positioned  at  the  second  blowing 
port  located  slightly  above  the  ^proximate 
mid-point  of  the  strake  (x/1  s  0.26).  The 
jet  nosale  was  angled  30*  aft  from  the 
fuselage  normal,  and  20*  upward  with 
respect  tp  the  wing  plane. 

Symmetric  Blowing 

Blowing  symmetrically  at  a  Cp  of  0.03 
per  nossle  successfully  decoupled  the  wing 
and  chine  vortices  and  delayed  vortex 
breakdown  up  to  aa  angle  of  attack  of  30* . 
In  Figure  23,  a  symmetric  blowing  case  is 
compared  with  the  baseline  case  at  an  angle 
of  attack  of  24* .  The  vortex  interaction 
and  breakdown  locations  for  the  wing  and 
chine  vortices  move  significantly  aft. 
Applying  blowing  at  a  lower  Cp  of  0.01  per 
nommle  Im  almo  effective,  but  to  a  Ismmsr 
dsgres.  At  this  rsdmcsd  hlosimg  rats 
vortM  brsakdewtt  mmd  iatsraction  can  be 


moved  aft. 

The  entraining  effect  of  the  blowing 
jet  causes  the  chine  vortex  to  bepulled 
upward  and  away  from  the  wing  vortex, 
thereby  delaying  vortex  interaction  and  in 
turn  vortex  breakdown.  In  Figure  24,  the 
position  of  the  blowing  jet  plume  with 
respect  to  the  wing  and  chines  vortices  is 
shown  for  Cp=0.03  and  15  degrees  angle-of- 
attack  case . 

Asymmetric  Blowing 

Asymmetric  blowing  (blowing  on  one  side 
only)  waa  more  effective  in  altering  the 
vortex  flowfield  than  symmetric  blowing. 
Blowing  a83rmmetrically  at  a  Cp  of  0.03 
successfully  decoupled  the  vortex 
interaction  and  delayed  vortex  breakdown  on 
the  blowing  side  up  to  aa  angle  of  attack 
of  36*,  the  limit  of  the  investigation.  In 
Figure  25,  as3rmmetric  blowing  at  a  Cp  of 
0.03  is  compared  to  the  baseline  case  at  an 
angle-of-attack  of  30* .  On  the  side  with 
blowing,  vortex  breakdown  does  not  occur 
above  the  wing  aurface  and  the  location  of 
vortex  interaction  moves  aft  to  the  wing 
trailing.  In  addition,  on  the  side  with  no 
blowing  the  position  of  vortex  breakdown  is 
farther  forward  than  the  baseline  case. 

This  forward  movement  of  the  breakdown 
location  was  more  prM&inent  at  the  lower 
angles-of-attack.  Also,  cross-flow  on  the 
lower  part  of  the  fuselage  was  observed 
from  the  non-blowing  to  the  blowing  side  as 
a  result  of  jet  entrainment.  Blowing  on 
one  side  alters  the  potential  flowfield 
which  produces  am  effective  sideslip 
condition.  This  condition  contributes  to 
the  large  asymmetries  observed  with 
asymmetric  blowing.  A  more  detailed 
discussion  of  this  test  can  be  found  in 
Reference  17. 

Chined  Forebody  Slot  Blowing 

The  testing  was  done  at  low  subsonic 
speed,  and  the  effectiveness  of  slot 
blowing  at  the  chine  line  was  deduced  from 
upper  surface  pressure  measurements  on  the 
wing  panels.  Figure  26  shows  the  details 
of  the  model  and  the  locations  of  the 
surface  pressure  instrximentation  .  Ilodel 
pressures  at  thirty  degrees  angle-of- 
attack,  with  and  without  symmetric  slot 
blowing  are  presented  in  Figure  27.  As  cam 
le  seen  in  Figure  27,  slot  blowing 
eliminates  the  asymmetry  in  the  upper 
surface  baseline  pressure  distribution  on 
the  right  wing  pans!  caused  by  a  forward 
wing  vortex  breakdown  position.  The  full 
extent  of  symmetric  slot  blowing  effects  at 
high  incidence  can  be  seen  in  Figure  28  in 
terms  of  the  local  normal  force 
coefficient.  The  wing  apex  load  is 
uniformly  reduced,  and  the  normal  force  at 
the  mid  and  aft  wing  stations  develops 
symmetrically  with  angle-of-attack  in 
marked  contrast  to  the  non-blowing  case. 
Increasing  the  blowing  momentum  coefficient 
effectively  increases  the  chine  vortex 
strength  as  would  be  expected.  However, 
the  development  of  an  effective  chined 
forebody  pneumatic  flow  control  system  is 
predicated  on  the  fact  that  blowing 
coefficient  magnitudes  are  less  than 
CMUbO.OI.  Blowing  rates  significantly 
higher  than  this  level  would  be  difficult 
to  implement  on  an  actual  aircraft  because 
of  engine  bleed  constraints.  Keep  in  mind 
that  the  chined  forsbody  flow  control 
rssnlts  MTS  for  exploratory  cMicspts,  and 
that  the  slot  siss  and  location  have  not 
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been  optimized.  The  elev&ted  blowing  rntes 
required  to  produce  these  results  can  be 
reduced  to  acceptable  levels  through  a 
concentrated  system  design  optimization 
effort . 

The  effect  of  chined  forebody  blowing 
on  aircraft  rolling  moment  at  high  angle- 
of-attack  is  generated  by  blowing  a  single 
slot  on  either  side  of  the  forebody.  A 
comparison  of  pressure  distributions  at 
a=30*  with  alternate  left  and  right  chine 
blowing  is  presented  in  Figure  29.  The 
resulting  non-symmetrical  wing  pressure 
distribution  at  both  the  center  and  aft 
model  stations  will  generate  a  tolling 
moment  in  the  direction  of  the  unblown 
slot.  The  sectional  rolling  moment 
characteristics,  Figure  30,  indicate  the 
effective  lateral  control  potential  of  one- 
side  slot  blowing  in  the  post-stall  angle- 
of-attack  flight  region.  Low  speed 
visualizations  with  the  left  slot  blowing 
are  shown  in  Figure  31  for  40  degrees 
angle-of-attack .  Unstructured  separated 
flow  exists  on  the  unblown  side,  while 
strong  wing  and  forebody  vortices  persist 
on  the  blown  side  as  a  result  increased 
vortex  strength  and  delayed  vortex 
Interaction.  Further  details  of  these 
results  are  presented  in  Reference  18. 

Conclusions 

Pneumatic  forebody  vortex  flow  control 
is  ain  effective  means  of  providing 
aerodynamic  stability  and  control  and 
improved  maneuverability  at  intermediate 
through  high  angles-of-attack .  The  lack  of 
moving  surfaces  makes  pneumatic  forebody 
control  concepts  attractive  for  application 
on  the  new  generation  of  survivable  fighter 
aircraft.  Through  concentrated  system 
design  optimization,  required  blowing  rates 
are  reduced  to  a  fraction  r>f  available 
engine  compressor  bleed  typically  used  for 
environmental  controls  and  auxilliary 
subsystem  power.  Concentrated  design 
optimization  efforts  at  Wright-Patterson 
Air  Force  Base  are  indicating  three-fold 
improvement  in  aerodynamic  effectiveness  at 
even  lower  blowing  rates. 

The  status  of  pneumatic  forebody 
vortex  control  technology  is  progressing 
from  basic  research  investigations  to 
developmental  programs  on  specific  system 
fighter  aircraft  with  flight  demonstration 
potential.  Expanded  parametrics  in  these 
developmental  investigations  are  broadening 
the  application  beyond  that  of  high  angle- 
of-attack  rudder  power  augmentation.  Large 
influences  in  static  stability,  roll 
control,  and  pitch  control  are  evident  from 
these  results.  Future  investigations  will 
undoubtedly  trade  focus  between  basic  and 
developmental  programs,  with  increased 
emphasis  on  scale  effects  and  angular  rate 
aeromechanics . 
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Figure  1.  Blliptical/Cylindrical  Porebody 
Characteristics 


Figure  2.  F-5F  Zero  Sideslip  Yawing  Moment 
Variation  with  Angle-of-attack 


Figure  3. 


Chined  Forebody  Flow  Pattern 


Figure  6.  1/8  Scale  X''20  Porebody  yodel 


Figure  4.  Chiliad  Porebody /Wing  Vortex 
Interactioa 


Figure  5.  1/8  Scale  X-SQ  Installation 
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Figure  7.  Yawing  Hooent  Generated  by  a 
Single  Jet  Blowing  Aft 


Figure  12.  SideaXip  Behaviour  aX  a=44*  for 
Dual  Jetfl  Blowing  Aft 


DIRECTIONAL  STABILITY  INCREMENT  WITH  BOTH  JETS  ACTIVE 


Figure  15.  1/lS  Sc^le  F-16C  Forebody 
Blowing  Designs 
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Figure  16.  Yawing  Moment  Generated  by  a 
Single  Jet  Blowing  Aft 


Vigwra  17.  FitdiUg  HoMit  Omaerated  by 
Dual  Slot  Blowing 


Pigure  22.  Porebody  uid  Win*  Vortices  st 
18  end  24  degrees  for  Bsseline 
55  Degree  Chined  Porebody  Model 


Figure  23.  Bffect  of  SyiMietric  Jet  Nossl^ 
Blowing  at  24  degrees  Alpha 
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SUMMARY 

Extensive  static  and  dynamic  experiments  have  been 
made  in  low  spaed  wind  tunnels  to  investigate  the  possibility 
of  using  the  yawing  moment  due  to  asymmetric  forebody 
vortices  for  control  at  high  angles  of  attack.  The  relative 
positions  of  the  two  vortices  arising  near  the  nose  apex  can 
be  changed  by  applying  differential  suction  through  two 
small  holes  very  near  the  tip.  The  resulting  forces  and 
moments  measured  in  static  tests  have  been  analysed  for 
the  effects  of  forebody  diameter  and  slandamass  ratio.  The 
RAE  High  Inckfence  Research  Model  has  been  controlled 
successfully  on  a  free-to-yaw  rig,  indicating  that  the  system 
coukt  be  used  in  flight.  However,  it  could  be  expected  that 
there  are  significant  lags  in  the  generation  of  the  aero¬ 
dynamic  forces  and  moments.  Experiments  have  been 
oonducted  on  <  aimpla  missile  moM  mounM  on  a  sting  rig, 
to  measure  the  responses  in  yawing  moment  and  sideforce 
due  to  sinusoidal  variation  over  a  range  ol  Irequencies  of 
flow  rates  through  the  suction  holes.  The  implications  of 
these  results  lor  the  proposed  tree-flight  model  tests  are 
also  discussed. 

1  INTRODUCTION 

The  concept  of  using  suction  through  small  hoies  near 
the  nose  apex  to  control  the  vorticas  on  a  forebody  at  high 
angle  of  attack  is  being  axpiored  in  a  research  programme 
using  the  High  IndderKS  Research  Model,  HIRM1,  static 
and  dynamic  wind-tunnel  tests  on  a  missile-type  model* 
having  given  promising  results.  The  lightweight  model  of 
HIRM1  has  been  test^,  with  a  series  of  undrooped  fore- 
bodies  designed  to  replaca  the  original  forebody,  and 
results  from  static  wind-tunnal  tests  in  the  RAE  Bedford 
13fl  X  9R  Tunnel  are  descrtoed  first.  It  has  also  been 
possible  to  obtain  some  data  on  a  model  the  same  siM  as 
the  frae-flight  model,  ie  9/4  times  the  size  of  the  lightweight 
model,  in  the  RAE  Farnborough  Sm  Tunnel. 

These  results  show  that  large  sWeforces  and  yawing 
moments  are  present  tor  angles  ^attack  above  30*,  and 
these  can  be  changed  prograssivaly  by  increasing  flow 
rates  through  eilhsr  the  port  or  starboard  hols  at  the  nose. 
The  maximuffl  vMues  of  skMoros  and  yawing  moment  are 
Urnflad  by  the  cendWon  that  one  of  the  asymmetric  vortices 
is  on  the  torabody  surface,  so  increasing  flow  rats  further 
cannot  change  the  asymmetry.  Tha  resufts  tar  several 
torabodlas  are  diseusaed  In  Section  3,  and  scaling  factors 
tar  the  aftact  of  tarabo^  diamaMr  and  sisndamess  ratio 
are  derived  tar  comparison  with  rosulls  from  tha  free-f  light 
modal.  It  eras  alse  found  that  die  area  seeing  factor  for  flow 
rates  needs  to  be  related  to  msa  geometry,  rather  than 
wing  area,  in  order  to  obtain  the  corrsci  range  of  effective¬ 
ness  of  control. 


.  The  lightweight  model  with  the  short  forebody  has 
been  successfully  controlled  on  a  free-to-yaw  rig,  using 
angle  ol  sideslip  as  feedback  to  a  control  law  lor  minimising 
the  error  between  actual  and  demanded  sideslip.  Flow  rates 
to  the  port  and  starboard  holes  are  controlled  differentially 
by  needle  valves  with  senro  actuators,  which  move  accord¬ 
ing  to  tha  output  of  the  control  law.  The  experiment  is 
described  in  Section  4.  and  responses  for  several  levels  ol 
control  authority  are  compared. 

Investigation  of  the  aerodynamic  lags  between 
change  in  flow  rates  to  change  in  sideforce  and  yawing 
moment  has  been  made  on  a  simple  missile  configuration, 
using  the  large  forebody  mounted  on  a  cylindrical  afterbody. 
The  actuators  controlling  the  flow  rates  were  moved  sinus¬ 
oidally,  so  that  the  phase  shift  of  the  yawing  moment, 
maasumd  by  strain-gauge  balance,  could  be  analysed.  A 
second-order  response  characteristic  has  been  derived  in 
Section  5,  which  gives  an  equivalent  lag  of  less  than  0.1  s, 
model  scale. 

The  results  are  being  used  to  design  an  active  control 
system  for  the  free-flight  model  of  HIRM1 ,  aiming  to  main¬ 
tain  roll  about  the  velocity  axis  at  angles  of  attack  near  30° 
by  minimising  rate  of  yaw  about  the  velocity  axis.  This 
control  system  will  be  added  to  the  existing  Departure 
Prevention  System^,  which  has  been  flown  successfully. 
The  same  nose  cons,  needle  valves  and  actuators  used  in 
the  wind-tunnel  models  will  be  fitted  in  the  free-flight  model, 
and  suction  applied  via  a  small  electric  pump.  H  may  also 
be  possMe  to  mount  a  tree-flight  model  on  a  free-to-yaw  rig 
in  the  2411  Tunnel  at  RAE  Farnborough,  to  make  further 
checks  on  scaling  affects. 

2  DESCRIPTION  OF  MODELS  AND  TESTS 

The  4/9-scala  Kghtweighl  model  (M2206)  ol  the  free- 
flight  version  of  HIRM1  has  been  used  for  tha  stmic  and 
dynamic  lasts  in  the  RAE  13tlx  9lt  Wind  Tunnel.  TheGA 
(Fig  t)  shows  the  drooped  forebody  and  the  laigsst  of  the 
undrooped  forsbodles.  Tha  original  probe  has  been 
replac^  by  a  sharp  conical  nosa,  which  has  two  small  holes 
of  approximately  0.75  mm  diameter,  7  mm  back  from  the  tip 
situatsd  30*  down  from  the  top  plana  of  symmetry,  as 
skstchsd  in  Frg  2.  Flow  rates  are  appHsd  via  suction 
through  these  holes,  thsre  being  two  separate  chambers 
inside  the  forebody  connected  independently  to  the  suction 
pump. 

The  same  nosa  cons  was  used  on  al  the  forsbodies 
tasted  on  M2206,  and  afoo  on  M2149  (fraa-IKght  model 
scale)  tasted  in  Hie  5m  Tunnel  Four  undrooped  forsbodies 
have  been  tasted  on  M2206,  but  tha  size  of  tha  forebody  for 
M21 49  is  between  these  tor  both  length  and  diamatsr,  as 
shonm  In  Fig  3a.  Tha  parameters  deling  the  gaomeliies 
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are  givsn  in  Tabto  1 ,  th«  larg*  and  short  (orabodiss  being 
tangent  ogives  with  nose  apex  angie  of  27*  for  the  main 
section,  and  faired  in  to  the  fusel^e  near  the  front  of  the 
cockpit.  The  short  forebody  can  also  be  lengthened  by 
inserting  cylindrical  sections  (see  Fig  3b),  so  an  inter- 
mediats  arid  a  long  forebody  have  also  txMn  tasted.  The 
geometry  of  the  oi^nal  drooped  forebody  Is  also  included  in 
Fig  3  and  Table  1.  The  Ibrabcxfy  length  is  defined  here  as 
the  distance  between  the  apex  and  the  junction  of  the 
fuselage  and  forebody  for  the  frae-flight  model.  However, 
all  dimensions  are  for  M2206,  in  mm. 

Transition  strips  wars  placed  along  the  80°  generator 
(measured  from  the  bottom)  of  each  of  the  forsbodies,  to 
causa  turbulent  separation  behind  the  nose  cone.  Previous 
tests^'*  had  shown  that  the  longitudinal  station  of  the 
change  from  laminar  to  turbulent  separation  (which  depends 
on  Ranalds  number)  affects  the  magnitude  of  the  maximum 
control  powers  in  sideforcs  and  yawing  moment. 

For  most  of  the  tests,  canard  was  set  at  0°,  and  tail- 
plane  at  -15°,  giving  a  trim  angle  of  attack  near  30°.  Some 
checks  were  mads  with  canard  setting  of  -10°,  and  with 
tailplana  at  -20°.  However,  the  tests  in  the  Sm  Tunnel  were 
made  with  canard  at  0°  and  tailplana  at  -20°. 

Tunnel  speed  was  33  m/s  for  all  the  static  results 
discussed  here,  giving  a  Reynolds  number  of  0.9  x  10^. 
(The  light-weight  model  is  restricted  to  33  m/s  by  strength 
considerations.)  The  data  are  referred  to  the  centre  of 
moments  position  at  0.125?  .s  i  all  previous  wind-tunnel 
tests  on  HIRM1. 

The  rig  for  the  free  ^o-yaw  tests  was  a  stronger 
version  of  thk  used  in  Ref  2.  The  modal  is  mounted  on  a 
spindle  with  ball  race  which  is  supported  by  a  vertical  strut 
and  aUows  angle  of  attack  to  be  varied.  The  model  is  free  to 
yaw  about  an  axis  normal  to  the  fuselage  datum,  but  free¬ 
dom  was  restricted  by  wires  attached  between  the  rear 
fuselage  and  supports  at  the  sides  of  the  tunnel.  The  flow 
rates  are  actively  controlled  via  the  two  needle  valves, 
using  angle  of  yaw  as  feedback  to  a  proportional/lntagral/ 
differential  controller. 

Static  and  dynamic  tests  have  also  been  made  in  the 
RAE  Famborough  1 1  lift  Tunnel  using  a  simple  body  plus 
fins,  made  from  the  large  forebody  used  on  M2206  arid  a 
cylinder  of  circular  cross-section.  The  model  is  shown  in 
Fig  3c,  with  the  position  of  the  bng  transition  strips  used 
for  these  tests  to  ensure  turbulent  separation.  The  model 
was  mounted  on  the  cranked  sting,  so  the  angle  of  attack 
range  was  20*  to  40°.  The  static  tests  were  conventional*, 
but  lor  the  dynamic  tests  the  sideforcs  and  yawing  moment 
signals  were  recorded  as  the  needle  valves  oontroHIng  ftow 
rates  were  moved  sinusoidally  over  a  range  of  frequency. 
The  data  were  measured  at  tunnel  speeds  of  20  mhi  and 
33  m/a.  If  should  be  noted  that  the  aerodynamic  ooef- 
lidents  are  referred  to  the  area,  mean  chord  and  span  of 
M2206  wing,  so  that  direct  comparisons  could  bo  made  with 
the  data  fr^  the  tests  In  the  13n  x  9lt  Tunnel. 


3  ANALYSIS  OF  STATIC  RESULTS  FOR  ALL 

FOREBODIES 

3.1  SIdslorce  and  yawing  moments  due  to  (low 

rates 

A  typical  example  of  the  variation  of  yawing  moment 
with  flow  rate  is  shown  in  Fig  4a,  as  measured  on  the  tree- 
flight'  model  in  the  Sm  Tunnel.  Moments  due  to  suction 
through  the  starboard  hole  are  plotted  on  the  right  hand 
side,  but  those  due  to  suction  through  the  port  hols  are 
plotted  with  flow  rate  increasing  in  the  negative  direction. 
The  How  rats  (denoted  by  Q)  is  here  expressed  in  dimen¬ 
sional  units,  m^/s.  At  this  angle  of  attr^  of  31 .4°,  the 
asymmstiy  in  the  liow  at  zero  suction  is  appreciable  for  this 
test,  and  the  maximum  moment  is  equivalent  to  about  20°  of 
rudder  deflection.  The  corresponding  sideforcs  is  plotted  in 
Fig  4b. 

The  results  for  control  powers  for  the  lorebodies  listed 
In  Table  1  have  been  analysed^  using  the  empirical  fit  to  the 
form  of  equation  derived  in  Ref  2.  The  comparison  with 
experimental  data  is  also  shown  in  Fig  4.  For  example,  the 
form  of  the  equation  for  Cn  is  assumed  to  be 

C„  -  Crt.T(3-2ty|>‘)  (1) 

where  ymlQ-QJ/(^,  QmQg-Qp  with  Cls>0  and 
Op  >  0 .  The  axis  lor  Q  is  shown  at  the  bottom  of  Fig  4a. 
The  parameters  C^,  and  Q).  are  obtained  from  the 
experimental  data,  where  is  the  flow  rate  at  which 
yawing  moment  is  zero,  and  may  vary  from  test  to  test 
because  of  the  random  asymma^  at  zero  suction.  For  flow 
rates  greater  than  ±  (\  ,  Cp  remains  at  the  constant 
values  of  ±C^ .  The  parameters  Q),  and  do  not  vaiy 
with  the  degree  of  asymmetry  present  at  zero  suction.  The 
form  of  equation  for  Or  is  analogous,  although  the  values 
of  arxi  0|.  may  be  different  at  the  same  angle  of  attack, 
so  an  extra  suffix,  n  or  Y ,  is  added  when  necessary,  but 
have  been  omitted  on  Fig  4  lor  clarity. 

The  previous  reports^  *  presented  the  results  in  terms 
of  a  non-dimensional  flow  rate  coefficient,  Cq  •  Q/VS  . 
where  O  is  expressed  in  m^/S  and  S  was  taken  to  be  wing 
area.  The  tests  with  the  free-flighi  model  in  the  5m  Tunnel 
showed  that  the  range  of  effective  flow  rates  is  urxdianged 
by  model  size  (M2206  is  4/9-scale  of  M2149).  so  that  S 
should  relate  to  nose  geometry  in  some  way.  Foroon- 
vanience,  a  nominal  area  of  1  mm^  has  been  used  xi  this 
report,  and  the  notation  has  been  changed  to  Cq  to  avoid 
confusion. 

The  scaiing  of  the  experimental  results  lor  different 
forebody  lei^hs  and  diameters  has  been  done  in  stages, 
first  lor  maximum  control  powers  for  sideforcs  and  yawing 
moment  Cyi  and  C,^ ,  then  for  variation  of  these  with  flow 
rates.  The  results  for  the  five  forebodiss  tested  in  the 
13ft  X  9ft  Tunnel  were  used  to  derive  scaling  factors,  and 
the  results  from  the  Sm  tests  are  used  for  vafldstion. 

Al  data  ware  measured  with  the  long  transition  stripe 
on  the  forsbodies.  Most  of  the  results  for  the  large  forebody 
are  for  canard -1 0*  (where  the  sampls  results  for  canard  0° 
showed  only  smafl  effects),  arxi  thm  tor  the  short  kitsr- 
msdiMs  and  long  forebodiss  ore  for  canard  C°  (where  again 
some  rssuks  for  canard  -10°  showed  insignificant  charges). 
Tai4olansisaelat-15°. 


3.1.1  Maximum  sidaforea  and  yawing 
momant 

The  experimental  results  show  that  flow  rates  of 
3.3  X  10  *  nA/a  (Cq  •  1.0  for  V  -  33  m/s)  through  either 
port  or  startmard  hole  give  the  maximum  effects,  so  that  the 
values  of  Cyi,  and  C,q,  are  determined.  Previous  experi¬ 
ments  on  the  asymmetries  present  for  bodies  alone  (eg 
Ref  6).  Indicate  that  the  maximum  sidaforea  and  yawing 
moment  coefficients,  whan  referred  to  body  cross-sectbnal 
area,  are  dependent  on  nose  apex  angle  (unchanged),  and 
on  slenderness  ratio  (-  e/d  where  length'  has  to  be  defined 
for  an  aircraft  configuration).  The  equivalent  length  has 
been  suggested  as  that  ahead  of  any  lifting  surface,  so  e/d 
is  approximately  the  same  lor  the  large  and  short  fore¬ 
bodies.  The  results  for  these  wars  used  first  to  check  the 
dependence  on  cross-sectional  area,  the  ratio  being  0.415 
for  these  two  forebodies. 

The  sideforces  for  M2206  are  referred  to  wing  area,  so 
the  data  for  Cyi.  of  the  large  forebody  have  been  scaled  by 
the  ratio  of  cross-sectional  areas,  0.415,  and  compared 
with  data  for  the  short  forebody.  The  two  sets  of  data  scale 
vary  well  over  the  angle  of  attack  range  22.7°  <  a  <  35°,  as 
shown  in  Fig  5a,  so  the  ratio  of  d^  may  be  used,  is  a  factor 
of  1 .33  on  the  data  tor  the  short  lorebody  to  compare  with 
data  for  the  free  flight  modal  M2149.  The  unflagged 
symbols  refer  to  resulta  obtained  from  variation  of  ftow  rate 
at  constant  angle  of  attack,  and  the  flagged  symbols  refer 
to  results  from  maximum  flow  rates  as  angle  of  attack 
varied. 

The  yawing  moments  are  referred  to  (wing  area)  x 
(v/ing  span),  but  the  corresponding  results  (Fig  Sb)  for  maxi¬ 
mum  yawing  moment  indicate  that  the  scaling  factor  is  d^ 
rather  than  d*,  although  there  is  a  consistent  small  change 
in  the  difference  with  angle  of  attack  for  22.7°  <  a  <  33°.  The 
moment  arm  for  the  maximum  skfeforcs  is  shown  in  Fig  5c, 
and  the  force  is  seen  to  act  near  a  constant  position  for 
a  •  26.8°,  28.9°,  30.9°,  re  the  range  of  interest  for  the  free- 
flight  experiments,  with  Cn(./CYi^  •  0.47.  This  moment  arm 
from  the  centre  of  gravity  (at  Station  850),  is  548  mm,  and  is 
dose  to  the  front  of  the  cockpit,  as  shown  by  the  sketch  of 
the  forebodies  on  the  vertical  scale. 

The  results  for  the  short  intermediate  and  long  lore- 
bodies  were  used  to  obtain  a  factor  to  account  (or  (orebody 
length/diameter  ratio.  R  was  found  that  the  length'  defini- 
lion  required  to  give  the  same  e/d  for  the  large  and  short 
forebodies  was  the  length  ahead  of  the  mean  centre  of 
pressure  for  the  maximum  control  powers.  The  variations  of 
maximum  sideforce  arxl  yawing  moment  with  e'/d  for 
a  -  26.8°,  30.9°  and  35°  are  shown  in  Fig  6,  together  with 
the  factored  results  for  the  large  forebody  (flagged  sym¬ 
bols).  R  is  possibla  to  derive  approximate  linear  variations 
for  the  two  lower  angles  of  attack,  in  order  to  be  able  to 
interpolata  for  the  (ree-fligM  modal.  A  moan  factex  of  1 .12  is 
indicatad  to  account  tor  the  sNghtty  larger  value  of  s  '/d  •  4.5 
ralativo  to  that  of  4.3  (or  the  short  forebody. 

Thus  the  resuRs  for  the  maximum  sidaforce  and  yaw¬ 
ing  mrxnants  due  to  the  sfnrt  forebody  should  be  factored 
by  1.33  X  1.12  •  1.5  to  obtain  rosuRs  for  comparison  wRh 
those  for  the  free-fllght  foreborty.  The  inverse  of  this  factor 
hm  been  used  wRh  the  rasuRs  from  the  5m  Tunnel  to  obtain 
lha  comparison  shown  in  Fig  5.  (The  flagged  symbols  rMar 
to  dada  measured  during  sidosljp  lasts.)  R  appears  that  the 
magnRudes  of  sideforce  and  yawing  moment  are  greater 


than  predicted.  ARematively,  the  same  levels  are  obtained 
at  angles  of  attack  approximately  1°  lower. 

3.1.2  Variation  of  sideforce  and  yawing 
moment  with  flow  rate 

As  stated  above,  a  representative  area  of  1  mm^  has 
been  used  instead  of  wing  area  to  derive  flow  rate  coef- 
ficiem,  denoted  by  Cq  instead  of  Cq  used  in  Refs  2  and  4. 
The  factor  between  the  two  is  given  by 

Cq  -  0.407  Cqx  10®  (2) 

The  maximum  slopes  of  (iy  and  C„  with  Cq  are  important 
parameters,  and  are  proportional  to  CyL/CquY  and  CntlCi^j, 
respectively  (see  equation  (1 )).  Values  were  evaluated  as 
functions  of  angle  of  attack  from  the  results  for  the  large 
and  short  loreb^ies.  The  two  sets  of  data  in  Fig  7a  indicate 
that  a  factor  dependent  on  d*  is  appropriate  to  obtain  the 
scaling,  of  which  d^  applies  to  Cy ,  so  Qly  is  assumed  to 
be  scaled  by  d  V  However,  the  corresponding  results  for 
Cn  collapse  with  the  factor  d^  ,  as  shown  in  Fig  7b  is  no 
scaling  factor  is  required  on  0|.n  for  yawing  rnomem. 

The  variation  of  the  slopes  with  lorebody  length, 
shown  tor  a  -  30.9°  in  Fig  7c.  gives  a  similar  value  of  1 .1 2 
lor  the  factor  between  lorebody  length  ratios  of  4.3  and  4.5 
as  derived  in  Fig  6.  so  no  further  correction  is  required. 

The  corresponding  factored  results  from  the  tests  on 
the  free-fllght  model  in  the  5m  Tunnel  are  also  shown  In 
Figs  7a8b,  and  a  similar  difference  to  that  shown  in  Fig  5  is 
apparent,  except  lor  the  result  at  a  •  31.4°  measured 
while  varying  flow  rates,  where  the  value  of  Cqi.  is  signifi¬ 
cantly  lower  than  that  derived  during  sideslip  runs. 

The  approximate  rasufts  derived  tor  the  free-fllght 
model,  on  the  basis  of  scaled  values  of  Cnt  used  with  the 
approximate  formula  from  equation  |1 ),  are  compared  with 
experimental  data  in  Fig  8  for  the  range  27.4°  iai  33.5°. 
The  values  of  Qq  were  taken  from  the  5  m  results.  The 
under-estimate  of  maximum  moment,  and  thus  of  the  slope, 
is  again  obvious,  but  the  trends  with  flow  rats  and  with  angle 
of  aRack  are  adequately  represented.  Note  in  particular 
that  the  flow  rates  at  which  the  maximum  effects  are 
reached  are  independent  of  model  size,  w  the  results 
collapse  with  Cq  based  on  nose  or  hols  size,  but  would  not 
collapse  wRh  Cq  based  on  wing  area  (which  would 
introduce  a  factor  of  5.06  on  the  slope  of  the  empirical 
resuRsatzero  Cq). 

3.2  Rolling  and  pitching  momants 

Application  of  flow  rates  causes  changes  to  tolling  and 
pitching  moments,  and  resuHs  are  discussed  in  Ret  5,  wRh 
exampto  in  Bel  2.  Rolling  moment  is  rather  erratic,  the  type 
of  variation  wRh  flow  rates  depending  on  both  angle  of 
attack  and  lorebody  length.  R  hat  not  bean  possible  to  find 
an  approximate  formula  to  represent  roRIng  momant,  but  the 
magniludos  appear  to  be  small  enough  to  be  controlled  by  a 
rol-demand  system. 

For  pRehtng  moment,  there  is  a  local  mmimum  at  the 
flow  rate  corresponding  to  near-zero  skMorce  and  yawing 
momant  (re  for  symmetric  (low).  As  asymmetry  develops  on 
either  side,  the  induced  pressure  dtstrfoution  causes  a 
pRch-ufx  which  rsaches  a  maximum  before  maximum  sMe- 
foroe  or  yawing  momant  occurs.  The  pRch-up  moment  is 
then  raditoad  as  the  extrema  asymm^  (one  vortex  on  the 


suriaca  of  tha  forabody)  is  approachad.  Thus  H  is  apparant 
that  pitching  momants  for  configurations  which  davel^ 
asymmatric  flows  ara  liksly  to  ba  random  in  magnitude, 
according  to  tha  dagraa  of  asymmetry  present  during  the 
test. 

3.3  Effects  of  sideslip 

All  the  forebodies  have  been  tasted  in  sideslip, 
between  ±4°,  and  significant  nonlinaaritias  ware  measured 
on  the  large  forebodv.  Small  lavab  of  flow  rale  caused 
significant  changes  to  skfaforce  and  yawing  moment  due  to 
sideslip,  and  results  are  discussed  in  Ref  4.  The  results  for 
the  short  and  free-flight  forebodies^  are  less  sensitive  to 
flow  rata,  and  it  is  possUa  to  darhra  linear  mathematical 
models,  with  tha  derivatives  Cy|i  and  approximately 
Independent  of  flow  rata. 

4  DYNAMIC  TESTS  ON  A  FREE-TO-YAW  RIG 

A  new  vertical  strut  has  been  made  to  support  the 
model  on  tha  frea-to-yaw  rig,  to  give  a  more  rigid  rig  than 
that  described  in  Ref  2.  Tha  modal  is  mounted  on  a  spindle 
with  bearings,  the  spindle  being  normal  to  tha  fuselage  axis, 
and  the  angle  of  attack  can  be  adjusted  to  various  constant 
settings.  Restraint  wires  between  tha  rear  of  the  fuselage 
and  the  tunnel  walls  prevent  tha  model  yawing  through  large 
angles,  and  initial  axperimants  were  made  with  ±4*  freedom, 
later  increased  to  ±6°.  Tha  short  forabody  was  used  on  tha 
modal  tor  tha  rasuNs  described  hare,  and  a  ventral  fin  was 
added  to  give  near-neutral  static  stability  in  yaw,  as 
described  in  Ref  2. 

Tha  needle  valves  and  actualors  ware  nnountad  inside 
the  modal,  the  port  and  starboard  servos  being  controlled 
by  computer.  Tha  proportional/intagral/diffarential  con¬ 
troller  was  implemented  on  an  analogue  computer,  which 
was  situated  outside  tha  tunnel  so  that  tha  gains  1^,  K|, 

Ko  could  ba  adjusted  easily.  A  block  diagram  of  tha  system 
is  shown  in  Fig  9.  Angle  of  sidesrip  was  used  as  the  fe^ 
back  signal,  and  tha  error  between  actual  and  demanded 
angle  of  sideslip  was  minimised  by  changing  the  flow  rates 
through  the  port  and  starboard  holes  dHfsrentially.  It  was 
also  possbie  to  change  the  values  of  the  gains  on  the 
proportional,  diffarantial  and  integral  components  by  adjust¬ 
ing  the  maximum  flow  rata  available,  although  the  relative 
ratios  remained  unchanged. 

Some  responses  obtained  at  a -SO*.  V-20mrs, 
are  shown  in  Fq  fO,  where  tha  maximum  flow  rate  is  being 
reduced  In  steps.  Fig  lOa-d.  The  time  scales  shown  refer  to 
aiMtarily  chosen  initial  times,  for  esse  of  reference.  The 
responseof  the  model  is  given  by  the  angle  of  sideslip,  and 
the  output  of  the  oontroflsr  should  be  zero  for  steady  condi¬ 
tions.  The  positions  of  the  port  and  starboard  servos  were 
monitored,  and  if  should  be  noted  that  lha  bfosaif  toiopen' 
direclions  on  the  vertieal  axis  are  opposite.  The  same  is 
Nso  tnie  for  the  dittsrentlal  pressures  measured  in  the  port 
and  starboard  nose  chamb^  so  the  responses  appear  to 
be  similar  rather  than  minor  images. 

The  first  set  of  lesponsss  on  ttie  left  hand  side 
(Fig  1 0a)  are  tor  a  maximum  flow  rate  coefficient  of  About 
0.3  through  either  port  or  starboard  hols.  Inllialy.  the  modal 
is  being  controBed  to  zero  angle  of  ildssflp.whh  higher  flow 
rats  through  the  port  hols  than  starboard  in  order  to  maintain 
zero  yawing  moment.  At  t  >4  a,  a  large  demand  in  angle  of 
side^  le  applied  to  tha  eyetam,  etgnWcandy  larger  than 
thef  evaiahlewWnhaieetralntwItae.  TMedenwndleheld 
on  unW  flw  modal  hae  seated,  then  Is  changed  by  a  stap  to 
zaroaiabeui  t>10e.  Tha  modal  raeponde  very  quiddy. 


but  overshoots  to  -2°  before  settling  to  an  oscillatory 
response  about  zero,  with  an  amplituda  less  than  1°.  The 
port  needle  valve  is  almost  fully  open,  and  the  starboard 
nearly  closed,  but  the  model  may  ba  held  at  near-zero  side¬ 
slip  indafinitsly,  as  shown  by  the  remaining  25  s  of  record. 
The  pressure  transducers  do  not  show  the  small  amplitude 
oscillations,  possibly  due  to  lags  caused  by  the  tubing 
between  the  chambers  and  the  transducers. 

The  second  set  of  responses  are  for  maximum  flow 
rate  coefficient  of  0.22,  so  the  gains  have  aN  been  reduced 
to  about  70%  of  their  original  values.  The  initial  imand  is 
not  shown,  and  the  demand  tor  zero  sideslip  occurs  at 
6.5  s.  Again  the  model  returns  to  near-zero  sideslip  very 
quickly,  within  0.5  s,  but  the  overshoot  is  reduced.  The 
residual  oscillation  is  still  present,  of  lower  frequency  but 
similar  amplitude.  The  final  needle  valve  positions  are 
unchanged,  but  the  differential  pressures  are  smaller, 
consistent  with  the  lower  flow  rates. 

When  the  maximum  available  flow  rate  is  reduced 
further,  to  a  coefficient  of  0.08,  the  controller  does  not  have 
sufficient  power  to  hold  the  mefoel  at  near  zero  sideslip  after 
the  demand  for  zero,  but  a  steady  position  of  about  5°  is 
reached,  with  port  needle  valve  open,  and  starboard  needle 
valve  shut.  H  the  flow  rate  is  reduced  to  zero,  the  model 
diverges  to  the  maximum  6°  because  of  the  asymmetric 
yawing  moment,  and  is  restrained  by  the  starboard  vrire 
becoming  taut. 

Soma  experiments  were  also  made  with  different 
values  of  gains,  but  no  significant  improvement  was  fourtd. 
Intermediate  values  of  demanded  sideslip  angle  could  also 
be  held,  but  it  was  difficult  to  achieve  large  negative  angles. 

These  responses  indicate  that  tha  flow  rates  can  be 
controlled  arriivaly,  and  that  the  cxrntrol  powers  generated 
by  differential  flow  rates  are  sufficient  to  overcome  the 
asymmatric  moment.  The  design  of  a  control  law  for  the 
free-flight  model  Is  nearing  completion,  and  is  to  be  added  to 
the  existing  (Teparture  Preventton  Systemi’  already  tested 
onHIRMI.  The  aim  is  to  make  the  model  roB  about  the 
velocity  axis  at  high  angles  of  attack  near  30*.  so  the  'error' 
signal  (r  cos  a  -  p  sin  a)  is  being  minimised,  using  differ¬ 
ential  flow  rates  to  overcome  the  asymmetric  forces  and 
moments.  The  induced  tolling  moments  are  being  controlled 
by  tha  lateral  control  law  for  roll  demarto,  and  the  induced 
iritchirtg  moment  should  ba  compensated  by  the  pitch 
demand  law.  Tha  control  laws  ara  being  implamented  on  the 
digital  computer  davalopad  for  HIRM^. 

5  DYNAMIC  TESTS  TO  MEASURE  AERO¬ 
DYNAMIC  LAOS 

One  ct  the  problams  Nkely  to  cause  difficulty  in  using 
actfvely-controlled  voiticss  to  generate  forces  and 
moments  is  that  oBaarodynamle  lag,  Is  the  total  time  taken 
for  the  vortices  to  move  to  a  new  pcrrilian  altar  the  flow 
rates  have  been  changed,  and  for  the  resulting  change  in 
pressure  distrfeulion  on  the  aircralL  The  current  data 
acquisition  system  in  ffia  1311  x  9lt  tunnel  is  impisfflantsd 
digitally,  and  it  was  difficult  to  obtain  analogua  signals 
dirsclly.  However,  it  has  been  possMa  to  test  a  simple 
missile  Bta  modal  (Fig  3),  made  ol  the  large  lotebody 
moumsd  on  a  eyUrtilrleal  afterbody,  in  the  RAE  Famborough 
tlKHTunnal.  'Thamadslhadbeanmadainoidartolnvesti- 
gate  the  aliacis  of  fixing  transWen  on  tha  oonftol  powers 
due  to  Ibw  rales,  and  it  had  bean  shown  thta  the  lewals  of 
sMatoros  and  yawing  moment  ynaratad  are  comparMila 
wllh  those  on  HRMI.  Typical  raaulls  ara  shown  in  Fig  It  for 
a>30*.  V  a  20  mA  »td  33  nM ,  where  ralemnee  area  and 
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length  are  those  of  HIRM1 .  Further  details  of  the  static  data 
are  given  in  Ref  4. 

It  may  be  observed  that  the  maximum  control  powers 
and  the  asymmetries  at  zero  flow  rata  are  similar  for  the  two 
speeds,  but  the  variations  with  flow  rate  are  different, 
particularly  for  flow  rate  through  the  port  hole.  Extensive 
investigation  was  made  of  the  Vink'  near  Cq  -  0.1  on  the 
port  side,  which  is  apparent  at  V  •  33  m/s ,  but  not  obvious 
at  V  -  20  m/s.  The  magnitude  of  the  discontinuity  was 
affected  by  the  length  of  the  transition  strips,  but  could  not 
be  eliminated,  so  these  results  are  for  the  same  transition 
strips  as  on  HIRM1,  which  gave  the  minimum  kink.  The 
slope  of  C„-v-Cq  near  zero  Cq  is  also  affected  by  tunnel 
speed,  even  though  transition  Is  fixed  on  the  forabody. 

The  experimental  technique  used  was  to  drive  the 
needle  valves  differentially  with  a  sinusoidal  demand,  over  a 
range  of  frequencies,  for  a  demand  amplitude  smaller  than 
the  limits  indicated  by  the  static  tests,  as  shown  in  Fig  1 1 . 
The  relative  phase  of  yawing  moment  and  demand  was 
measured  with  a  differential  analyser,  and  analogue  records 
of  demand,  sideforca,  yawing  moment,  nose  chamber 
pressures,  and  actuator  positions  were  taken.  Separate 
bench  tests  ware  also  conducted  to  obtain  phases  between 
demand  and  actuator  positions,  and  between  demand  and 
pressures. 

The  servos  which  drive  the  actuators  have  nonlinear 
response  characteristics,  and  analysis  of  the  phase  shifts 
between  demand  and  servos  shown  in  Fig  12  does  not  yield 
first  or  second-order  lags.  However,  it  the  assumption  is 
made  that  the  response  of  yawing  moment  to  flow  rate  is 
near-linear  over  the  range  of  flow  rates  used,  then  the 
corresponding  phase  shift  is  the  difference  between  those 
plotted  in  Rg  12.  The  port  and  starboard  servos  are  moved 
differentially,  so  a  mean  phase  shift,  Sqs.  between  demand 
and  servo  has  been  chosen.  The  measured  phase  shifts 
between  demand  and  yawing  moment,  at  the  two  speeds  of 
20  m/s  and  33  m/s.  were  unsteady,  so  about  tan  readings 
were  taken  at  each  frequency.  Consecutive  readings 
occasionally  gave  extreme  maxima  and  minima,  so  were 
rejected,  and  the  scatter  in  data  is  shown  by  the  remaining 
maximum  and  minimum  readings  plotted  in  Rg  12.  The  mean 
variations  of  Son  with  frequency,  f .  at  inten/als  of  0.5  Hz 
were  chosen  as  shown,  to  derive  the  phase  shift 
Sn3  •  8bn  -  Sds  between  yawing  moment  and  servo 
position. 

The  variation  of  the  parameter  (f  cot  8)  with  f^ 
indicates  the  order  of  the  equation  of  motion  (or  transfer 
function);  a  constant  value  indicates  a  simple  lag.  and  a 
linear  variation  indicates  a  second-order  system.  The 
results  for  V  -  20  m/s  and  30  m/s  are  both  remarkably  linear 
(see  Fig  13),  but  do  not  collapse  with  reduced  frequency, 
where  frequency  has  been  expressed  In  radians/s,  a>  -  2irf . 
and  factored  by  c/V  to  give  reduced  frequency.  (Aero¬ 
dynamic  mean  chord  has  been  chosen  as  representative 
length).  The  damping  and  ftequeiKy  of  the  second-order 
systems  may  bo  dorivod  from  these  Knear  variations,  to 
give  the  tosponse  aquations  tor  yawing  moment.  N , 
assuming  that  the  response  time  of  the  strain-gauge 
balance  is  negligibls 

N  +  33N  +  790N  •  F(Qs  -Qpfter  V  -  20nV8  ,  (3a) 


N-f24N-f980N  -  F(Qs  -Qp)for  V  .  33tTUb  ,  (3b) 

or,  expressed  in  reduced  time,  tV/c  , 

N'-f  0.64 N'  + 0.295 N  »  F(Qs-Qp)for  V  .  20m/s,  (4a) 
N''  +  0.28N'  +  0.135N  -  F(Qs-Qp)for  V  -  33mfe,  (4b) 

The  values  of  amplitude  ratio  obtained  from  these 
transfer  functions  agreed  well^  with  the  experimental  results 
at  V  -  33  m/s ,  but  the  results  at  V  -  20  m/s  were  scattered, 
so  were  not  so  convincing. 

The  most  likely  cause  of  the  results  not  collapsing  with 
reduced  frequency  is  the  change  of  slope  dCp/dCq  noted 
in  Fig  1 1,  as  this  slope  must  be  related  to  the  frequency  of 
the  response.  The  ratio  of  reduced  damping  to  reduced 
frequency  is  approximately  the  same,  (0.64/0.295  » 
0.28/0.135  in  equation  (4),  as  indicated  by  the  intercept  on 
the  vertical  axis  on  Fig  13,  but  H  is  difficult  to  interpret  this 
generally.  However,  it  is  encouraging  to  note  that  both 
transfer  functions  indicate  a  'lag'  of  less  than  0.1  s  in  the 
responses  to  a  step  input.  Fig  1 4.  and  this  includes  any  lag 
of  the  strain-gauge  balance.  The  smaller  damping  at  the 
higher  speed  leads  to  a  28%  overshoot,  but  both  responses 
are  within  ±1 0%  of  the  final  value  by  t  ^  0. 1 6  s. 

The  equivalent  lag  of  about  0.1  s  may  be  scaled  for 
model  size  and  tunnel  speed  by  the  factor  V/c  .  to  give 
t"  =  6  aerosec  for  both  20  m/s  and  33  m/s.  This  is  com¬ 
parable  to  the  time  taken  tor  vortex  breakdown  over  a 
slender  wing  to  be  overcome  by  suction  through  a  probe 
placed  in  the  vortex  core  ahead  of  the  trailing  edge,  as 
measured  by  Parmenter  and  Rockwell^.  The  time  taken  to 
re-establish  the  vortex  was  dependent  on  suction  level  and 
probe  position,  varying  between  2  aerosec  for  very  high 
suction  rales  to  above  10  aerosec  for  probe  positions 
behind  the  wing. 

It  would  seem  sufficient  to  use  a  first-order  lag  in  the 
generation  of  control  powers  lor  mathematical  models  of  the 
aerodynamic  forces  and  moments  used  tor  the  design  of 
flight  control  laws,  since  the  frequencies  are  high.  This  lag 
is  in  addition  to  any  lags  introduced  by  the  actuator  system, 
which  must  be  modelled  separately. 

6  CONCLUSIONS 

The  results  from  static  and  dynamic  wind-tunnel  tests 
on  the  use  of  suction  at  the  nose  to  control  forebody 
vortices  are  sufficienlly  encouraging  to  warrant  an 
experiment  in  free  tiighi  using  the  existing  HIRM1  drop 
model.  The  magnitudes  of  the  maximum  yawing  moment 
and  sktelorce  have  been  shown  to  be  determined  by 
forebody  geometry  (diameter  and  slenderness  ratio  for 
given  apex  angle),  and  appear  to  be  independent  of  the 
wing/linAail  conf'iguiation.  The  variation  of  control  powers 
with  flow  rates  is  suitable  for  use  in  an  active  control  law, 
although  nonlinear,  and  the  associated  rolling  and  pitching 
moments  should  be  alleviated  by  demand-type  corvliDl  laws 
in  roll  and  pitch.  The  scaling  of  flow  rales  with  model  size 
determined  from  these  tests  indicate  that  control  power  is 
dependent  on  the  nose  geometry,  so  full-scale  aircraft 
would  require  similar  levels  to  those  used  on  the  models. 
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The  wind-tunnel  model  of  HIRM1  has  been  success¬ 
fully  controlled  on  a  free-to-yaw  rig,  using  angle  of  sideslip 
as  feedback  to  a  skfeslip-demand  control  law.  The  flow 
rates  are  controlled  by  needle  valves  to  give  the  required 
yawing  moment  to  overcome  the  moment  due  to  asymmetric 
flows  or  to  move  the  model.  A  control  law  to  maintain  rolling 
about  the  velocity  axis  is  being  developed  for  the  free-flight 
model,  and  will  be  added  to  the  existing  Departure 
Prevention  System. 

The  aerodynamic  lag  of  the  yawing  moment  has  been 
measured  on  a  missile-like  model,  by  driving  the  needle 
valves  sinusoidally  and  taking  analogue  records  of  moment 
(and  sideforce).  The  response  of  the  moment  appears  to  be 
second-order,  with  equivalent  frequency  and  damping  which 
do  not  scale  directly  with  aerodynamic  time  (tV/c)  for  the 
two  low  speeds  tested.  However,  the  frequencies  are  high, 
so  the  responses  to  a  step  input  at  both  speeds  reach  the 
steady-state  value  within  0.1  s,  model  scale. 

Further  work  is  planned  on  the  free-flight  model  in  the 
RAE  Farnborough  24ft  Tunnel  and  then  in  flight  if  possible. 
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All  dimensions  are  in  mm,  and  those  for  the  free-flight  model 
have  been  factored  by  4/9  to  show  the  comparative  size. 
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Fig  2  Sketch  of  ouetlen  tyolom  (pon  itdo  only) 
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b)  Tangent  ogives  with  cylindrical  inset 


c)  Large  forebody  on  cylindrical  afterbody 


Fig  3  Various  forabodlas  tastad  on  NIRMI,  and  larga  forabody  on  a  slmpla  modal 
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a)  Yawing  moment  b)  Sideforce 


Fig  4  BnpMcel  mt  to  yawMig  rnemam  and  iWalorca  dua  w  flow  rataa 
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Fig  10  R«sponsM  of  moOoi  with  short  forehody  on  free*to*yaw  rig 
a  «  30%  V  a  20  m/t 
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1.  Smaarizing  Introduction 

Ever  aince  fighter  eircreft  have  been  designed  and 
built  the  neat  ia^ortant  flightmechanical  task  haa 
been  to  provide  good  and  safe  Flying  Qualities. 
Sufficient  aargina  for  stability,  adequate  control 
pover  and  tria  capabilities  in  coabination  with 
acceptable  control  forces  have  always  been  regarded 
as  key  characteristics  froa  which  criteria  for  a 
proper  sizing  of  stabilizers  and  control  surfaces 
could  be  derived. 

For  stable  unaugmented  aircraft  of  the  past  the 
characteristic  eqxxations  and  transfer  functions 
could  mathematlcslly  be  defined  right  from  the 
start  of  a  project.  So  the  static  and  dynamic 
flightmechanlcal  features  of  the  aircraft  to  be 
developped.  were  directly  linked  to  aerodynamic 
derivatives.  The  desired  Handling  Quality  Standards 
could  straight  away  be  achieved  by  sizing  and  posi¬ 
tioning  of  stabilizers  and  controllers.  Scheduling 
of  control  surfaces  for  performance  optisilzation, 
load  alleviation,  etc.  was  not  feasible  at  that 
time  and  therefore  the  flightmechanlcal  and  aero¬ 
dynamic  design  goals  did  not  interfer  too  much. 

The  flightmeehanical  design  of  highly  augmented 
aircraft  with  partly  unstable  basic  characteristics 
is  no  longer  straight  forward.  In  addition  to  Hand¬ 
ling  Quality  aspects,  maneuvrability  and  agility  up 
to  high  angles  of  attack  further  design  goals  like 
optimum  performance,  observance  of  structural 
limits,  Carefree  Handling,  etc.  have  to  be  con¬ 
sidered  within  the  flightmechanlcal  evaluations. 

The  tisk  to  integrate  these  requirements  from 
various  disciplines  is  focused  on  the  Flight  Con¬ 
trol  System.  Unfortunately  the  exact  capabilities 
of  this  system  will  not  be  defined  prior  to  the 
development  pheee.  So  in  contrary  to  unaugmented 
aircraft,  for  which  the  sizing  of  stabilizers  and 
controllers  could  directly  be  dofie  by  consideration 
of  Level-l  Handling  Quality  requirements,  it  is  now 
necessary  to  design  for  the  cspebilities  end  tech¬ 
nical  inedequacies  of  a  KS  which  will  be  develop- 
ped  in  a  later  phase. 

In  section  6  of  AGARD  Advisory  Report  279  (Ref.  U 
the  members  of  fM?-Vorking  Gr^up  17  "Handling  fhial'* 
Itiea  of  Highly  Augmented  Unstable  Aircraft"  sum¬ 
marized  their  ei^rience  concerning  "The  Impact  of 
Ihistsble  Design  and  High  Angle  of  Attack  on  the 
Requirements  for  the  Aerodynamic  Configuration". 
Their  main  conclusion  was  that,  in  order  to 
msintein  the  chance  to  fulfil  the  challenging  re- 
quiremmnts  for  optimum  performance  and  s^^erlor 
Handling  Qualitiaa  it  ia  naceaaary  to  define  a  aet 
of  flightmechanlcal  criteria  which  translate  the 
most  iaportMt  aspects  derived  from  Handling, 
Agility  and  Safety  points  of  view  into  aerodynemic 
requlremante.  These  criteria  have  to  gsoerate  the 
neeeesery  link  between  the  diecipline#  Control  Lew 
Design,  Flight nerhenlca  sad  Asnntjtiimlca  within  the 
Fre  DeveXegmwt  phsm  of  modem  filter  aircraft. 

The  puhliestleam  referaneed  at  the  end  of  this 
p^er,  nprasmt  a  aertain  (bet  mMomplete)  aeope 
of  nightmerheniral  reeaarch  idiiai  ww  dona  to 
aettla  eeshle  recammandationa  for  early  design 
phases  of  medem  fif^ntere.  Derived  from  these 
pehlicetiaae  the  following  general  criterion  for  a 
balanced  aerodynamic  deai^  can  be  givenx 


"The  basic  unaugmented  features  of  any 
aircraft  have  to  be  optimized  in  tuch  a 
way  that  s  realistic  Flight  Control  Sys¬ 
tem  is  able  to  convert  the  resulting 
dynamic  characteristics  into  good  Hand¬ 
ling  Qualities  with  sufficient  stability 
margin#  by  use  of  the  control  authorities 
and  rates  available  from  the  primary  con¬ 
trollers.  Trim  schedulss  resulting  from 
Psrforasnce  snd/or  Load  Alleviation  Re¬ 
quirements  have  to  be  teken  into  eccount 
end  may  introduce  criteria  of  equivalent 
in^rtence . " 

The  paper  in  hand  is  a  contribution  of  the  AGARD 
Flightmechanics  Panel  to  this  serodynsadc  special¬ 
ist  meeting,  and  it  should  fora  a  basis  for  further 
discussion  and  reaearch  on  a  field  %rhich  is  of  com- 
iBon  interest  for  both  disciplines.  Therefore  it 
contains  a  suamary  of  the  idees  in  Ref.  [9]  and  of 
joint  a  tivities  of  AGARD  Working  Group  17  [Ref.  1, 
Section  6] . 

In  detail  it  ie  shown  that  the  "Time  to  Double 
Amplitude  Ty"  of  the  basic  aircraft  may  act  as  key 
characteristic  idiich  describes  the  problems  as¬ 
sociated  with  stibilizstion  in  Pitch.  If  related  to 
the  svsilsble  Pitch  Authority  and  Control  Power 
Buildup  Rate,  limits  for  "Minimum  permissible  T," 
may  be  established.  These  limits  art  easily  conver¬ 
tible  into  aerodynaodc  requirements  and  therefore 
applicable  within  the  early  design  phases  of  modern 
fighter  design. 

At  high  angles  of  attack  additional  pitch  down  con¬ 
trol  power  is  needed  to  cancel  the  effects  of 
inertial  coupling  due  to  roll  meaeuvers.  The  sc- 
celeretion  to  be  provided  is  dependent  on  engle  of 
attack  end  attainable  rollrate  around  tha  velocity 
vector. 

As  fer  ss  the  latersl/directiooal  axes  are  concern¬ 
ed  the  FCf  is  mainly  used  for  stability  augmenta¬ 
tion  and  for  eptiamm  eeerdinatlon  of  the  control 
surfacsa.  Therefore  the  fUghtmerhanlcel  design 
still  elms  at  stable  beaic  character ietics.  To 
achieve  this  design  gosl  often  the 

only  parameter  which  is  usedrer  optimisation  dur¬ 
ing  wlndtunnsl  tasting.  B^eclally  at  high  anglaa 
of  attack  stable  static  derivatives  are  aet  suffi¬ 
cient  to  maintain  djmamic  stability.  Tha  dynamic 
darivstives  "roll  and  yaw  damping"  have  to  be  con¬ 
sidered  ss  well  end  at  Issst  negative  C|p*a  and 
Cq^'s  are  neeeeaary  to  complete  the  liating  of  de- 
siM  cheracteriaties. 

Agility  around  tha  velocity  vector  at  higher  angles 
of  attack  ia  mainly  a  matter  of  roll  and  yaw  con¬ 
trol  pover.  As  angle  of  attack  increaaas  tha  rudder 
effectivenaaa  gets  mere  and  mors  inpertanti  if  bank 
angle  requlromwta  daductad  from  nt-fpac  shall  be 
performed  in  a  well  coordinated  meaner  at  high 
anglaa  of  attack,  the  body  fined  yaw  potential  has 
to  emciiil  the  coll  control  power  according  to  the 
Inertia  ratio  ds/ix)  *  multiplied  by  tga. 
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*...  «d«qiutt«  stAtie  and  dynwiic  ttabllity, 

....  Sttf Mcl«nt  control  powor  for  Mnouvors 
and  txi* 

....  and  accaptablo  control  foreoa 

could  diroctly  bo  tranaforrod  into  critorla  for  a 
propor  aisinf  of  atabiliaora  and  control  aurfaeoa. 
Allorona,  mddor  and  olovator  voro  alaoat  diroctly 
linkod  to  tho  pilot  by  eabloa,  roda  and  lovora  via 
atick  and  podala  in  tho  coci^it.  So  right  fron  tho 
atart  of  tho  daaign  tho  tranafor  functiona  "Air¬ 
craft  Bohaviour  duo  to  Pilot  or  Cuat  Ii^ut"  and  tho 
charactoriatie  oquationa  of  tho  total  ayatoa  voro 
analytically  dofinod. 

With  roapoct  to  pitch  axia  noot  of  tho  appllcablo 
critoria  iddch  can  bo  doductod  frca  tho  Handling 
Qualitioa  doeuMnt  HIL-P-SISS.  turn  out  to  fora 
cornor  atonoa  for  tho  doaign  for  tho  horixontal 
tall  (atablliaor  and  olovator) .  Pit.  1  for  oxaaplo 
auanarisoa  dynaadc  roquiroaanta  for  tho  abort 
period  and  ^ragoid  charactoriatica  and  proaonta  tho 
rolovant  oquationa  «rtiich  doflno  tho  rolatlona  to 
tho  aorodynaaic  dorivativoa:  ParaiMtric  variationa 
in  aiao  and  poaition  of  tho  horixontal  tail  load  to 
contlnuoua  paraaator  changoa.  Togothor  with  othor 
roquiranonta  liko  "Hoao  Hhool  Lift-off  at  a  cortain 
airapood  1.0  V^) .  "Hiniaiua  Static  Stability**,  otc. 
tho  Min  goal  of  horizontal  tail  doaign,  to  dofino 
and  opon  a  poraiaaiblo  contro-of-gravity  rango  can 
bo  achiovod  atraight  avay. 

Tho  aoM  principloa  apply  in  latoral/diroctional 
axoa  aa  ahovn  in  Fix.  2:  Tho  corrolationa  botvoon 
tho  Handling  Quality  Roquiroaonta  for  Dutch  Roll, 
Spiral-.  Roll  aodo,  otc.  and  tho  aorodynonic  dori¬ 
vativoa  aro  again  analytically  linkod  by  tho 
charactoriatie  oquationa  and  by  rolativoly  aiaplo 
tranafor  functiona.  So  particular  variationa  of 
configuration  dotaila,  aa  for  oxaaq>lo  vortical  tail 
aixo  and/or  poaition,  vill  diroctly  load  to  changoa 
in  tho  dynaaic  bohaviour  of  tho  aircraft  and,  vith 
tho  Handling  Quality  Roquiroaonta  undor  conaidora- 
don.  atablliaor,  ruddor  and  ailorona  can  bo  do¬ 
finod. 

3.  Doaian  Critoria  for  aodorn  Confiaurationa  vith 

Unatablo  Charactoriatica  in  Pitch 

Tho  flightaochanical  doaign  of  highly  augpMtntod 
aircraft  vith  unatablo  boaie  charactoriatica  ia  no 
longer  attaint  fonrard.  In  addition  to  handling 
quality  aapocta,  aonouvorability  and  agility  irtiich 
havo  to  bo  provided  to  high  angloa  of  attack, 
further  doaign  goala  liko  optiaaai  point  porfora- 
anco,  obaorvanco  of  atructural  lladta  and  carofroo 
handling  haa  to  bo  integrated  into  tho  flight¬ 
aochanical  conaidoratioaa.  Tho  took  to  Integrate 
tho  roquiroaonta  froa  different  diaciplinea  ia 
tranaforrod  to  a  ainglo  "Black  Boa",  that  ia  to 
aay  on  the  Flight  Control  Syatoa,  The  varioua  aub- 
taaka,  vtilch  havo  to  bo  aanagod  ^  the  PCS  aay 
rot^iy  bo  aplit  into  too  partai 
One  ia  related  to  tho  control  of  atoady-atato  and 
inatantanooua  aanouvora  vhlch  includoa  aurfaco 
achoduling  for  different  aodoa,  optiaiai  coordina¬ 
tion  of  tho  available  eontrollora  and  the  aurvail- 
lanco  of  atructural  and  phyaiologieal  liaitatiocia. 
Tho  other  part  covera  the  vital  aapecta  of  atabili- 
aation  throughout  the  peradaaible  flight  envelope. 

The  uMarji  In  Fia.  3  ahova  in  vhlch  direction  the 
flitfiraaphawiceToeeign  aapecta  have  to  be  changed 
if  at^ility  auiaantation  or  artificial  atabllisa- 
tion  it  inttedacedi  fuffieient  static  and  dynaaic 
atability  mA^  at  Ugh  englee  of  attack,  acceptable 
d^rture  charecteriatico  tievo  to  bo  roploeod  by 
tho  llaiation  ^f  booic  4PMaie  inotabilitieo.  The 
proviaion  of  control  potontlal  for  ■enouvera  and 
trin  hoe  te  be  aoppluntag  by  aiitnnnal  power  for 
ateUliution  pwpBgia  mA  if  leailred  for  oauic 
■odea.  Aceoytable  atick  and  pedal  fereea  need  no 
longer  be  tekn  ince  account  wiChla  early  dwipi 


phaaoa.  They  can  be  treated  aeparatoly  and  <^tiaiz- 
ed  in  conbination  vith  tlM  cocl^it  doaign.  Horizon¬ 
tal/vertical  taila,  ailarona  and  ruddar  can  no 
longer  be  treated  aa  conplatly  aaparate  aagSMta. 
Thay  hava  to  be  conaidered  aa  nulti-functional, 
intagrala  atability  and  control  unita  irtiich  ara 
linked  via  FCS  for  optimized  management  of  trim, 
maneuver  and  limitation  taaka. 

Aa  tha  capabilitiaa  of  any  aziating  and  future 
Flight  Control  Syatoa  vill  bo  roatrictod  by  un¬ 
avoidable  technical  Inadaquaclaa  of  roallatic  hard- 
and  aoftvara,  it  ia  necaaaary  to  doaign  for  baalc 
unaugmentod  charactoriatica  vhich  can  bo  handlod  by 
tho  FCS  ovon  undor  advorao  conditiona.  Thoroforo 
roquiromonta  which  includo  tho  aapocta  of  control 
lav  daaign  havo  to  bo  dovoloppod  and  praparad  for 
uao  in  tho  aorodynamic  optimization  procoza  in 
ordor  to  raatora  tha  aarlv  link  botvaon  Handling 
Qualltiaa  and  Aoroctynamica  vhich  haa  boon  brokon  by 
tho  FCS. 

It  haa  to  bo  kapt  in  mind  that  any  crltarion  muat 
bo  eaaily  convertiblo  into  aorodynaadc  dorivatiraa 
and  coofficianta  vhich  impliaa  that  conaidarable 
siaplificationa  of  tho  Control  lav  aapocta  may  bo 
nocoaaary.  But  oven  rough  coneratonea  are  suffi¬ 
cient  to  enable  the  design  team  to  define  feasible 
aerodynamic  instability  lavela  and  trim  achedulea 
vhich  leave  sufficient  control  pover  in  pitch  roll 
end  yev. 


3.1  Key  Cherecterietice  for  Unstable  Deeian  in 
Pitch 

From  the  very  beginning  ell  the  deeign  pheaee  of 
"Hev  Generation"  fighter  aircraft  are  dooinetod  by 
the  attempt  to  find  an  optimum  balanced  concept 
vithin  the  frame  of  maximum  porforaence,  defined 
Mee  figures  end  limited  costa.  Bepecielly  the 
field  of  performance  encoa^aees  aapocta  on  at 
leeet  three  plenee,  vhich  ere  dating  by  the  head¬ 
lines  "Hlaeion-,  Point-  end  Menoouvre  Performance". 
Requirements  derived  from  these  different  items  are 
often  rather  contradicting. 

A  eulteble  and  veil  knovn  tool  to  overcome  some  of 
tho  contradicting  requirements  is  tho  introduction 
of  Unatablo  Doeian  in  Pitch  vhich  has  remarkable 
offocta  on  tho  triJMod  polara  aa  illuatratad  in 
Fit.  4,  Relative  to  a  conventionally  stable  air¬ 
craft  maximum  lift  can  bo  incroaaod  by  roughly  23  I 
and  inducod  drag  at  a  typical  lift  coofficiont  for 
manoouvra  (aay  Ct  *  0.7)  can  ba  reduced  by  about 
20  g. 

This  moans  that  unatabla  configurations  vhon  do- 
aignad  for  tha  aama  porformanca  roquiramonts  and 
undar  tha  same  flight  machanical  constraints,  vill 
bo  remarkably  amallor  than  their  stable  brotUra. 

A  qualified  parameter  vhich  indicates  tho  potential 
for  drag  reduction  and  higher  maximum  lift  is  tho 
static  instability  level  (Static  Margin). 


If  only  aorodynamic  aapocta  had  to  bo  taken  into 
account,  it  vould  make  aanaa  to  incroaaa  tha  n^a- 
tivo  static  margin  to  a  point  vboro  Um  resulting 
trimmed  flap  aebadula  loads  to  optimum  drag 
polara. 

From  tho  flight  modumical  point  of  viov  a  roaaon- 
ablo  intoTprotation  of  SM  ia  only  posaibla  in 
linear  aroam  at  amallor  angloa  of  attack.  It  do- 
tlma  nothing  oIm  than  tha  lover  arm  of  aoro- 
dynraie  forcaa  and  is  only  maafel  for  tha  fli^it 
madwnical  daaign  of  unaagmentad  aircraft,  vhich 
havo  to  ba  agsIppeS  with  a  emrtain  angia  of  static 
stability.  Aa  umdmm  lift  la  gppreaflhol  (Cv-  -  0} 
tha  physical  svidmnes  of  H  (M  o)  la  loot? 
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AftrodjmMic  p«r«B»t«rt  vhlch  allow  a  flightaachanl* 
cal  intarpratation  avan  at  high  anglaa  of  attack 
ara  aunaariaad  in  Fla,  5  (flightaachaniea  apaclal- 
iata  ara  talking  of  "Aorodynaaic  Kay  Charactaria* 
tica"  in  thia  contaxt) .  Tha  typical  varaua  a 
plota  with  curvaa  for  "saro"  and  "full  noaa  down" 
eontrola  point  out  that  ona  limiting  factor  for 
unatabla  daalgn  will  ha  givan  by  tha  dafinition  of 
a  nacaaaarv  pitch  racovarv  aonont  which  abova  all 
haa  to  guarantaa  a  aafa  ratum  from  high  angla^of- 
attack  aanoauvraa. 

lha  baaic  daaian  inatability  ia'dafinad  by  tha  da'* 
rivativa  C.  .  It  will  ba  choaan  at  low  and  aadlua 
angla  of  attack  to  covar  tha  parforaanca  raquira- 
aanta.  Thia  inatability  haa  to  ba  chackad  againat 
tha  capabilitiaa  of  tha  Flight  Control  Syataa.  lha 
aaaa  appliaa  to  tha  allowabla  oitch-up  at 

highar  anglaa  of  attack  in  triaaad  conditlona. 

Unfortunately  naithar  tha  atatie  inatability  SM  nor 
tha  pitching  aoaant  darlvativa  ara  aufficiant 
to  daacriba  tha  dynamic  problaaa  aaaoclatad  with 
tha  atabllisation  of  unatabla  configurationa.  Ac- 
cording  to  tha  aquationa  of  Fia.  1  and  11  tha  hi^- 
ly  dynamic  ahort  period  antion  of  any  aircraft  la 
dapandant  on  much  more  factora  aa  for  axaapla 
aoaant  of  inertia,  dealing  darivativaa,  wing  area, 
Bwan  aerodynamic  chord  and  dynaadc  praaaura.  All 
thaaa  paraawtara  contribute  to  a  "Time  to  Doubla 
Aapiituda"  during  which,  with  eontrola  fixed, 
tha  aircraft  viW  doubla  a  diatortion  in  angla  of 
attack.  Aa  tha  aiapliflad  achamatic  graph  of  Fi£»  6 
(pitching  aoeant  varaua  time)  ahova,  it  la  aaaan- 
tial  to  counteract  thia  aperiodic  aovaatnt  by  an 
appropriate  control  input.  Build-^tp  rata  n  and 
magnitude  tt  Of  the  atabilialna  aomint  auat  ba  large 
anoush  to  atop  and  ravaraa  tha  aign  of  pitch  accal* 
aration  ao  that  tha  aircraft  ratuma  to  ita  origi* 
nal,  trlfliMd  condition.  Tha  Tima  Delay  T*  between 
diaturbanca  input  and  atabiliaing  control  reaction 
can  ba  idantifiad  aa  a  furthar  important  paraaatar 
which  will  Incraaaa  tha  problaaa  of  control  law 
daalgn  if  it  axcaada  certain  valuaa. 

So  tha  key  charactariatica  for  unatabla  design  in 
pitch  may  ba  aunaaritad,  aa  dona  in  Fig.  7; 

-  Static  Kargin  SM  or  for  tha  aarodyna- 
miciats 


>  Tina  to  Double  Amplitude  T,,  Kaxiaua  Pitch 
Control  Moaant  M  and  Build-up  Rata  t,  Tiaa 
Delay  T^  for  tha  control  law  daaignara  and 
flightmachanica  people 

Aa  stated  abova  it  is  nacaaaary  that  control  lav 
people  and  aarodynaalciats  can  eoamnmicata  and  un¬ 
derstand  each  other  in  order  to  end  with  a  well 
balanced  design.  So  once  dynamic  limits  for  T,  have 
been  identified  they  have  to  be  translated  into 
aerodynamic  characteristics.  A  good  approziMtim 
for  tha  tranacandantal  relation  between  T.  and  tha 
aerodynamic  derivatives  ia  presented  in  Fix.  11. 

As  far  aa  the  control  power  ia  concerned  it  ia  no* 
caasary  to  aua-up  tha  authority  and  control  reac¬ 
tion  available  froa  all  primary  pitch  ccmtrollara. 
Thia  can  ba  dona  by  the  following  simple  alg^raie 
equatima: 


•  Control  Authority  in  teraa  of  Fitch  accelara- 
tioai 

•  •  •  “SSf  -I  -S'"*-’ 

a  tentrol  Reaction: 


a  ia  tha  n— Bar  of  all  reliable  primary  control- 
larei  liaitatiafia  dee  to  himte  aemanta  and  load 
raatrictioiio  have  to  be  considered. 


3.2  Criterion  for  MaxiwMs  Dynamic  Instability  in 
Pitch 

Tha  discussion  in  tha  previous  section  has  shown 
that  criteria  baaed  on  ralationahipa  batwaan 

parmlsslbla  dynamic  instabilities  T,  and 
tha  required  control  authority  and  reaction  could 
ba  helpful  tools  for  tha  aerodynamic  design  avan  in 
vary  early  design  phases.  Concrete  steps  idiich  have 
to  ba  taken  in  order  to  generate  such  boundaries 
ara  described  in  [Ref.  9].  Baaed  on  parametric 
attsa^ta  to  optimize  control  lav  paramatars  for 
different  dynamic  inatability  levels  tha  "T,-Cri- 
tarion"  alMwn  in  Pia.  8  was  avaluatad  and  proposed 
for  use  in  tha  design  and  optimization  process  of 
unatabla  co^at  aircraft. 

Tha  procedure  which  lead  to  tha  boundaries  in  tha 
two  graphs  considered  simplified  but  realistic 
hardware  asaumptiona  including  raquiramanta  and 
mathoda  idtich  ara  normally  used  within  a  thorough 
Control  Law  Design.  In  datail  tha  following  prin¬ 
ciples  have  bean  taken  into  account  (for  furthar 
information  sea  section  4.2  of  [Ref.  9]): 

-  Typical  control  law  structure  for  fighter  type 
aircraft  providing  a  pitch  rata  coBnand/atti- 
tuda  hold  platform 

-  Hardware  aaaun^tions  for  aanaora,  actuators, 
filters  etc. 

-  Laval-1  Handling  Quality  raquiraiDanta  for 
Cat.  A  (i.a.  Coc^at)  flight  phases 

-  Rida  ()ttality  aspects 

-  Criteria  for  sufficient  stability  margins  of 
tha  Control  lav  design 

-  Data  bandwidth  of  modem  fighters  derived  froa 
tha  raquiramanta  for  tha  European  Fighter  Air¬ 
craft  (see  Pia.  9  and  10). 

Starting  froa  general  data  of  modem  fighters  ra- 
prasantad  by  three  different  tail  concepts,  tha 
relevant  aerodynamic  paramatars,  Ilachnuad>ar  and 
dynamic  prasaura  have  bean  varied  in  order  to 
achieve  different  valuaa  in  Tima-to-Doubla  Ampli¬ 
tude  T,.  In  a  aacor^  step  tha  control  lav  para¬ 
meters  have  bean  ditfinad  by  optimizer  strategy  in 
accordance  with  tha  handling  quality  and  stability 
raquiraaenta;  siaulatad  flights  with  teat  inputs 
have  bean  parforaad  in  order  to  evaluate  tha  re¬ 
quired  control  authority  and  control  reaction. 

The  results  in  Pig.  B  confirm  that  it  ia  poaaibla 
to  generate  limiting  functions  "Racomoandad  Wlnimun 
Pitch  Authority**  (i.a.  Acceleration  and  "Itecoo- 
mandad  Minlmni  Pitch  Control  Reaction"  (i.a. 
varaua  "Tima  to  Doubla  Ai^lituda  T,". 

As  T,  dacraaaas  tha  required  control  authority  and 
rata  Incraasaa  rapidly.  Bapacially  for  amallar 
Hach-nuabara  tha  continuous  lines  ara  limited  by 
sharp  edges  which  mark  tha  point  where  tha  safe 
atability  margins  (Phase  and  Cain  margins)  can  no 
longer  ba  achiawad. 

Diffarancaa  found  for  tha  different  tail  coneapta 
can  ba  naglactad.  8o  tha  llmita  shown  in  tha  two 
diagrams  should  ba  valid  for  all  modem  fighter 
configurations  with  a  mass  density  >  50  and  a 
control  system  with  an  equivalent  overall  tima  da¬ 
isy  of  ■  0.02  a. 

For  larger  tima  dal^  no  increase  in  tha  reared 
control  power  would  be  necessary  if  tha  overall 
time  del^r  asceeds  0.02  a.  Tha  ahary  edges  for  in¬ 
sufficient  Phase  and  gain  margiAa,  however  have 
then  to  be  shifted  towards  highsr  T,  values. 

A  ferthsr  imlysis  of  •  rtiees  that  comfigora- 
tians  with  Tima-to-OoAla  T,  <  0.3  a  m^  net  ha 
faasible  fer  a  predactien  aircraft.  Ivan  a  small 
spfawaurahla  arrer  eooeemiag  T|  (caaaed  by  aero  ■ 
dynimic  uncartaintiea  for  amaivle)  would  retire 
aacceaaive  additional  control  power  Md/or  would 


18-4 


hurt  th«  ntcMSAry  stability  nargins.  This  doas  not 
assn  that  such  an  aircraft  eamot  ba  raaliaad  or 
aqui]^d  vith  raasonabla  handling  qualitias  (saa 
for  axsapla  X*29}.  But  tha  statasMnt  doas  point  out 
that  such  a  high  dynasdc  dasign  instability  intro-* 
dueas  a  lot  of  risk  which  doas  not  pay-off  and  that 
during  davalopaant  aiul  <q^ration  aajor  difficultias 
with  raspaet  to  safaty  and  handling  may  ba  aneoun- 
tarad. 

3.3  Application  of  tha  T.-Critarion  within  tha 
Aarodynsaic  Pasisn  Procass.  kanaa  of  Validitw 

In  ordar  to  and  ^  with  concrata  "application 
rulaa"  for  tha  T,'K:ritarion,  it  is  nacassary  to 
hava  a  lo^  on  typical  (aarodynaaic)  data  of  sto^m 
fightars  and  thair  influanca  on  tha  basic  d^masdc 
bahavlour  of  tha  aircraft. 

Inspita  of  tha  challanging  raquiraasnts  which  hava 
baan  fonaulatad  for  futura  fii^tars  basad  on  tha 
European  Ssanarlo*  it  is  astonishing  that  solutions 
basad  on  all  tail  coneapts  hava  baan  proposed.  Tha 
configurations,  irtiich  arc  roughly  skatcl^  in  Pig. 
9,  are  all  aquippad  with  relatively  low  aspect 
ratio  wings  (A  <  3)  and  tha  connon  understanding 
of  the  dasign  teeisa  has  been  that  an  unstable  de¬ 
sign  together  with  a  horisMital  tail  (aft-tall^ 
vector  nozzle,  canard)  is  needed  to  achieve  a  high 
perforaance  standard  and  agility. 

Tha  table  of  Pis.  10  susnarlzas  typical  data  for 
theaa  conflgurationa  including  geosMtrlcal,  aero- 
dynafflical  and  aass/lnartla  charactarlatica,  idilch 
ahould  be  valid  for  a  preliminary  dynamic  analyaia 
in  the  subsonic  region  up  to  msiriiBs  lift.  * 
first  line  of  tha  table  ahowa  that  tha  dasign  in¬ 
stabilities  (static  Asrgin  SM)  of  tha  tailed  air¬ 
craft  are  eonaidarably  larger  than  that  of  tha 
tailless  conflgurstion.  This  is  due  to  raquiramants 
concerning  tha  pitch  recovery  margin  (section  3.4) 
which  for  taiUaas  concept  it  hard  to  achieve  to¬ 
gether  with  an  unatabla  dasign. 

In  ordar  to  gat  sobm  deeper  Insight  into  tha  <^yns- 
mic  affects  of  tho  data  prasonted,  it  la  nacassary 
to  havo  a  look  at  tho  oquationa  which  dotoradna  tha 
location  of  tho  short  poriod  roots  in  tha  cenplax 
plsna  and  tha  key  paranatar  T,«  Fig.  11  llluatratas 
that  the  positions  of  tho  two  unstablo  roota  aro 
dafinod  by  two  major  parts:  (C*««)  sottlos  tha  line 
of  sysMatry  from  which  tho  two  sporiodie  roota  S| 
and  a.  will  aaporato  onco  static  stability  is  lost. 
This  first  part  is  influancod  by  tha  lift  curve 
slope  C|^  Md  by  tha  dynsadc  darivstlvas  but  It  is 
not  d^andant  on  tha  dasign  inatsbllity* 

Tha  shift  of  tho  roots  on  tho  loal  Axis  is  dominat- 
od  by  tha  term  w^*  and  therefore  directly  related 
to  C^. 

If  the  data  from  Fit.  10  aro  analysod  by  tha 
dynamic  aquations  of  Fii.  II  it  goto  ovidant  that 
tha  relatively  high  mass  density  of  tho  eonflgora- 
tiona  pt  >  70  (SO  for  tailless  aircraft)  dlmiai^s 
tha  influanca  of  tha  dpnapic  aarodynamie  dariva- 
tivaa  and  tha  lift  curve  alopa  eonaidarably.  This 
gaoaral  tread  ia  eenfirmad  in  Fix.  U  vhara  start¬ 
ing  from  roforanca  valuM  paramatric  variations  of 
tha  longitudinal  darivativaa  and  thair  influanca  on 
"Tima  to  Doubla  Ai^lituda"  ara  iavastigatad  for  a 
aai^la  aircraft.  Kmfaronca  valmas  and  data  band¬ 
width  to  ba  axpactad  for  tha  low  flpoad  region,  aro 
indicatad. 

So  with  rMpaet  to  tha  aarodpnaido  darivativaa  tha 
kay  paramatar  T,  will  mainly  ba  altarad  by  C,^. 
la  of  mtnor  is^ortanea  but  should  ba  conaidarad. 

The  bandwidth  of  the  itjmsmie  darivativaa  may  ia  any 

case  be  naglaotmd. 

thama  gMMric  ramulta  ia  alad  it  it  rathar 
easy  to  involvm  tha  T.-critarion  into  tha  normal 
laradynamic  daaign  m  optislaatiam  process  as 
•hem  ia  tha  diagtMa  Fla.  U  to  IS.  dll  lofocma- 
tioma,  aaadad  for  a  firat  aaamaamant  of  tha  flight- 
naehanical  fmaaibllity  of  a  ppopoaad  eonfifuratlsn 
in  pitch  asia  ara  ... 


...  s  three  view  drawing  with  ebaractariatic 
gaomatric  data 

...  a  tsrpical  codbat  smas  Including  tha 
radius  of  inartis 

...  rough  (Dstcom)  astimstas  of  tha  ^nsmic 
derivatives 

. . .  Static  Lift  and  Pitching  momant  coef¬ 
ficients  or  darivstivas  versus  angle  of 
attack  for  different  control  tattings 
(incl.  maximum  syasstric  deflections) 

...  sasu^tion  of  sttainsbla  deflection 

rates 

As  most  of  tha  data  (Pig.  13)  ia  required  aiqrway  in 
order  to  fix  tha  batic  atatic  instability-laval  and 
to  optiffliza  tha  trim  schedules  for  performance 
purposes  in  a  firat  atap,  the  amount  of  additional 
work  to  ba  dona  to  check  tha  dy?Mmic  Instability 
levels  is  small.  Via  tha  static  darivativaa  and 
^La  trisBMd  flight  conditiona  and  tha  Pitch 
(Down  i.a.  moat  Critical)  Control  Power  available 
£rc»  all  prizaary  controllers  it  is  possible  to 
coisputa  T^  and  the  pitch  acceleration  capability  % 
by  the  aquations  given  in  Pig.  8  and  11.  A  compari¬ 
son  with  tha  boundaries  of  tha  criterion  (Pig.  U) 
identifies  problanetic  areas  and  raconandationa 
for  further  Isprovament  of  tha  configurations  My 
ba  given  as  indicated.  Tha  same  procedure  is  ap¬ 
plicable  for  tha  required  pitch  control  reaction 
(Fig.  IS)  which  can  ba  coopted  via  tha  pitch  con¬ 
trol  effectiveneas  (derivativea  in  trlnm^  condi¬ 
tions)  of  all  primary  controllera. 

As  already  stated  in  section  3.2*  the  boundaries  of 
the  T,-crlterlon  presented  in  Pii^.  8  are  only  veri¬ 
fied  for 

. . .  fighter  type  aircraft  with  a  data  band¬ 
width  ahown  in  Fig.  10. 

...  Condiat  Flight  Phases. 

...  end  e  Pitch  Rate  Coosand/ Attitude  Hold 
type  control  system  with  the  hardware  as¬ 
sumptions  described  in  iRef.  9]. 

For  other  aircraft*  flight  phaaee  and  control  sya- 
teas  it  is  necessary  to  examine  tha  validity  of  tha 
specific  numbers.  But  navarthalass  it  is  worthwhile 
to  rerun  tha  procedure  for  tha  avsXuation  of  tha 
criterion  described  in  [Ref.  9)  and  e  modification 
of  tha  boundariaa*  tuned  to  i^datad  requirements 
should  ba  as  assy  as  the  application  of  tha  crite¬ 
rion  itaalf. 

3.4  Margins  for  Fitch_Racovary  from  High  A«gl»a  nf 

- 

Tha  minimum  pitch  recovery  control  power  which  has 
to  ba  installed  at  high  anglas-of-attack  near  Ct«„ 
cannot  only  ba  defined  by  aufflciant  nose  down  ac^ 
calaratlon  which  has  to  provide  a  safe  return  from 
maneuvers  near  stall.  A  more  detailed  analyaia  of 
tha  problsm  leads  to  tha  conclusion  that  tha  re¬ 
quired  nose  down  control  power  can  roughly  ba  ^lit 
into  tw©  parts  (Fig.  ld)i 

X)  basic  dammnd  for  stabilisation*  for  counteract¬ 
ing  gusts  and  tor  sufficient  pitch  handling 
qualitias  during  high  «ngla-of-attack  osnau- 

vars 

2)  additional  control  power  for  ineraasad  agility 
at  high  anglas-of-attack. 

The  basic  damand*  which  has  to  ba  prowidid  in  tha 
nosa-t^  aa  wall  aa  in  tha  nose-down  direction* 
could  probably  ba  dafinad  by  appropriata  T.-daaign 
ebarta.  Tbm  erltarlon  praaantad  in  Fig.  B.  hewavat 
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is  based  on  handlins  quality  raquiraments  of  CAT. A 
flight  phases,  which  are  not  applicable  for  high 
angle  of  attack  maneuvers.  So  the  whole  criterion 
has  to  be  recalculated  on  a  modified  basis  which 
has  not  be  done  up  to  now. 

As  a  rule  of  thumb  the  required  pitch  acceleration 
could  be  fixed  at  about  ^  ~  ±0.3  rad/a*.  This  mar** 
gin  i^ch  should  be  designed  for  in  any  case,  is 
supported  by  several  aiimilation  studies  and  recent 
work  within  several  fighter  projects. 

Additional  pitch  control  power  for  increased  agil^ 
ity  at  high  angles-of-attack  is  directly  combined 
with  the  requirements  for  maximum  roll  rate  in  this 
region.  The  sketch  on  the  lefthand  aide  of  Pig.  16 
shows  that  any  roll  rate  around  the  velocity  vector 
is  confined  with  a  pitch-up  mosMnt.  The  aircraft 
acta  like  a  dumb-bell  and  the  resulting  inertial 
coaling  produces  a  noae-up  acceleration  which  is 
given  by: 

*ic  *  i  i>4  • 

So  beneath  the  basic  recovery  margin  additional 
pitch  down  control  power  is  needed  to  counteract 
the  inertial  coupling  during  roll  maneuvers.  As 
soon  aa  the  angle-of-attack  for  maxiamm  lift  (i.e. 
roughly  the  location  of  minimum  nose  down  control 
power)  is  known  it  la  possible  to  draw  a  design 
chart  of  required  pitch  down  acceleration  versus 
roll  rate,  as  shown  on  the  righthand  side  of 
Pig.  16.  The  fix  of  a  roll  rate  requirement  at  a 
certain  calibrated  airspeed  leads  us  straight  for¬ 
ward  towards  the  nose  down  recovery  margin  In  terms 
of  6  or  pitching  moment  coefficient  «dilch 

hes  to  be  installed.  It  is  ii^rtant  to  point  out 
that  a  certain  loss  in  pitching  moment  due  to  dif* 
ferentlsl  flaps  has  to  be  taken  into  account}  this 
leads  to  the  slightly  transverse  line  in  the  design 
chart  if  the  recovery  moment  is  defined  to  be  de¬ 
rived  from  the  configuration  with  all  pitch  con¬ 
trols  deflected  fully  down. 

}.s  P«.tin  Critwl.  toy  Ut.r.I/Dlr.ctl<»Ml 
SUbllitY 

Coiuldantloiu  .bout  riqulromt.  (or  th. 
dlr.ctloii.1  b..ic  ch.r.ctmi.tlc.  hwr.  to  .tart 
with  th.  vridmco  that  an  unatabl.  daaifn  In 
Toll/ymw  vill  not  load  to  auch  r«oarkabIa  gain,  in 
porforaanco  a.  a  daatablllxatlon  in  pitch.  Furthar- 
■ora  a  dynaslcally  vnatabla  aircraft  in  pitch  utd 
yav  nay  ■oltlply  tha  cc^ilaxity  o(  tha  flight  con¬ 
trol  ayatM  and  hanca  la  not  vary  llkaly  to  pay 
off. 

Tha  conM^uanca  1.  that  at  low  aa  aall  aa  at  high 
anglaa-of-attack  tha  daaign  ahould  ala  toaarda 
coafficiant.  and  darivativaa  ahlch  prodnca  at  laaat 
indlffarant  roota  in  tha  dynamic  analyaia  (.lightly 
unatabla  apiral  aoda  axclndad). 

Tha  critical  araa  (or  loa  angla-of-attack  charac- 
tariatica  aay  ba  foond  at  high  aaparaenie  Kach 
niatera.  In  tha  ration  of  aariw  dynamic  praaaara 
tha  alaatic  (actor,  oavally  dialniah  tha  atabilia- 
ing  eontrihatioa  of  tha  vartical  tail. 

For  tha  loa  apaad/high  angla-of-attach  ragion 
atabla  diractional/lataral  darlaatlaaa  ('•Cn..  -C,.) 
aith  nnoth  bahaviour  varna  aidaalip,  avoilma  of 
yaa  and  roll  d^artura  tandaneiaa,  raffieiant 
aargin  for  apin  roaiatanea  and  affactiva  mddar/ 
roll  control  poaar  highlii^t  tha  optiaiaation 
goala. 

To  aaaaaa  dapartara  and  apin  raaiatanca.  tha 
*Dymaic  Diraetioial  Stability  Faraaatar" 
and  tha  Uataral  Cantral  Oapirtora  Faraaatar’  iSdf 
haaa  baan  ptcpeaad  aa  a  praActioa  aathod  by 
•alaain  t.~  2.3  ,41  a  Hm  reeeUing  Wslemsn 

Criterion  (ttfNn  frem  CM.  31)  in  PieT  17  epeei- 
fiee  regiome  of  steble  end  ueeteble  beheviour  in 
tim  -LCOP  pieme.  iteelf  hes  been 

deriwmd  »am  tlM  olMnctmRie  equetlom  ee  it  ie 
ewieed  la  fiSa  meM  ^  s^erieaee  thet 


divergence  usually  occurs  if  the  C-coefficient  Oe- 
cozDes  negative.  As  shown  in  {Ref.  7]  many  of  the 
terma,  contained  in  C  ere  usually  small  enough  to 
be  neglected.  The  result  of  the  evaluation  leads  to 
the  conclusion  that  directional  divergence  is  like¬ 
ly  to  occur,  if 

i_ 

^npdyn  “  Cnp  •  '  >in  o 

approaches  zero  or  gets  negative.  This  tendency  was 
checked  against  the  behaviour  of  several  combat 
aircraft  and  the  correlation  turned  out  to  be  fair¬ 
ly  good.  So  it  has  become  cooson  use  for  prelimina¬ 
ry  design  to  set  s  certain  minimum  positive  margin 
for  to  make  sure  that  spin  tendency  at  high 

angles-oi-sttack  is  excluded. 

Meanwhile  many  papers  have  been  published  (see  for 
exas^le  [Ref.  4  and  63)  where  the  clear  evidence 
was  pronounced  that  some  key  phenomena  of  modem 
fighters  are  not  covered  by  the  criterion.  In 
examining  the  data  used  by  Weiamsn  it  was  found  in 
[Ref.  4]  that  some  important  design  features  have 
changed  since  the  criterion  was  developed.  Espe¬ 
cially  maximum  lift  and  usable  angle  of  attack  have 
shifted  to  considerably  higher  values 
-•  30*)  which  iinplies  that  the  static  and  dynamic 
lateral/  directional  derivatives  are  now  dominsted 
by  forebody  vortices  from  nose,  strskes  or  csnsrd. 

For  the  older  aircraft  the  dynamic  data  were  of 
minor  influence  and  the  departure  characteristics 
in  Heismsn's  correlation  were  dominated  by  the 
static  derivatives.  -  High  angle  of  attack  charac¬ 
teristics  of  modem  aircraft  are  more  dependent  on 
the  dynamic  derivatives  «d:ich  are  heavily  influenc¬ 
ed  by  forebody  geometry. 

In  spite  of  the  feet  that  configurations  and  usable 
flight  envelopes  have  changed  the  eherecteristie 
equation  of  Fia.  18  is  still  valid: 

Stable  behaviour  may  be  e:q>ected  if  all  the  coef¬ 
ficients  B,  C»  0  snd  B  are  positive  end  if  the 
Routh-diseriminent  (C*B-D} •D-BBi  keeps  larger  then 
sero. 

A  rough  estimetion  shows  thet  according  to  the  geo¬ 
metric,  mass  an  inertia  figures  of  typical  modem 
fighters  (Pig.  10  with  rsdius  of  inertia  •  1.5, 
i^  *  3*4}  span  •  10  a)  the  following  eharscteristic 
values  may  be  assumed  (see  Pig.  19) : 

-  mess  density:  >  80 

-  inertia  ratios:  1^  ■  0.1  <  ■  O.S 

-  flightaechenicsl  time:  tp  <  0.1 

Furtheimore  the  results  of  various  windtunnol  tests 
show  that  ... 

...  Cyp  will  always  stay  negative 

...  C|.  will  always  stay  positive 
(C,r  -  Ci..  C,^  >  1.0  .t 

X.^ilng  th...  unaption.  In  mind  th.  DMI(a  WILES 
for  th.  urodyiuaicl.t.  .r.  (tt.l,ht  fonwrd  (Fit. 
bettoa) I 

.  Avoid  .ntorototlon  tmdmcy  (C|p  <  0)  uid 
■alnUln  jrw  doping  (Cp.  <  0)  In  ordor  to 
kwp  th.  >-co.((iclmt  of  th.  eh.r.et.rl.tie 
.quatlon  |rwt.r  thu  ’nro*. 

*  ^  luf«  tho  nro  u  thi. 

parSStar  dcalnotn  th.  C-coafficlmt. 

.  Cion  to  ■wriwi  lift,  idm*  C.,  1.  eomldn- 
.blF  lugar  thu  1.0,  it  i.  nnntinl  to  Mln- 
taln  >  0  with  nogativa  C|0  and  odIf 

ali^btlF^jSaitlva  (•  40,), 
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In  Addition  to  those  design  guidelines  it  is  is- 
portent  to  enphssize  thst  ... 


^TlO  ■  *^10 


i.* 


a 


•  Nonlinesrities  end  Hysteresis  Effects  versus 
sideslip  hsve  to  be  Avoided. 

This  is  necesssry,  becsuse  the  sideslip  sensors 
will  not  be  very  sccurste.  especislly  At  higher 
Angles  of  AttAck.  In  consequence  it  is  extresiely 
difficult  or  even  isq^ossible  to  schedule  the  con¬ 
trol  levs  in  order  to  cope  with  such  serodynsmic 
insdequAcies . 

The  fundssisntAl  evidence  of  this  section  however  is 
the  need,  to  include  the  dynssiie  derivstives  into 
the  design  considerstions  for  oodem  fighters  as 
esrly  as  possible  by  sdequAte  dynsaic  vindtunnel 

tests. 

3.6  Design  Rules  for  LAterAl/Directionsl  Con¬ 
trollers 

The  essentisl  fsctors  which  influence  the  control 
power  requirenents  in  roll  and  yaw  may  directly  be 
deducted  frosi  MIL-Spec.,  as  for  e]uiq>le  from  re- 
quirenants  for  "Tiae  to  Bank",  fingiiM  failure  dur¬ 
ing  Take-off**  and  *'TAke-off /Landing  in  Crosswind**. 
Control  power  for  stabiliaatlon  or  stability  at^- 
SMntation  of  the  lAteral/directional  axis  is  depen¬ 
dent  on  the  chosen  basic  stability  characteristics, 
as  discussed  above.  But  as  long  as  no  excessive 
instability  in  roll  or  yaw  has  to  be  covered,  the 
control  power  defined  by  the  conventional  criteria 
should  be  sufficient. 

The  capability  to  initiate  and  aaintain  coordinated 
rolls  at  high  angles-of-attack  represents  a  major 
point  of  interest  especially  for  future  fighter 
aircraft  with  high  agility  in  this  part  of  the 
flight  envelope.  Already  during  preliminary  design 
phases  these  aspects  may  be  covered.  Pig.  20  il¬ 
lustrates  within  three  sketches  in  the  time  domain 
the  essential  parameters^ 

The  desired  roll  performance  of  an  aircraft  may  be 
sufficiently  described  by  the  Roll  Time  Constant 
T|(,  the  Maximum  Roll  Rate  p^j^  and  a  "Time  to  Bank 
to  9  degrees".  Most  of  the  control  law  designs  try 
to  avoid  sideslip  and  therefore  prefer  a  well  co¬ 
ordinated  roll  around  the  velocity  vector. 

So  the  "pitch  recovery  margin"  which  has  to  be  pro¬ 
vided  according  to  the  discussion  in  chapter  3.4 
seta  the  first  comer  stone  by  defining  the  maximum 
permissible  roll  rate  PyitAX  rate  around  the 

velocity  vector)  due  to  iMrtial  coi^ling  compensa¬ 
tion. 

From  the  applicable  Handling  Quality  Documents 
(f.e.  MIL-F-678SC)  recoaended  "Level-l"-values  for 
"Tisie-to-Bank"  and  "Rolltime-Constants"  may  be  de¬ 
picted  for  the  essential  flight  conditiOTS.  Ihese 
characteristics  are  linked  by  the  sisq)le- equation 

.(t)  -  p„  •  (t  -  Tg  (1  -  • 

^max 

and  so  the  "required"  p^  may  be  checked  against 
the  "permissible"  defineS^Ey  the  pitch  recovery 
margin  installed. 

In  a  sectmd  step  the  required  angular  acceleration 
around  the  velocity  vector  which  is  necessary  to 
initiate  the  coordinated  roll  maneuver  may  singly 
be  defined  as: 


must  be  satisfied.  Because  of  1^  >  i«  good  roll 
performance  at  high  angles  may  only  be  achieved  if 
sufficient  yaw  control  power  can  be  provided. 

The  sunsary  of  all  the  discussions  above  is  pre¬ 
sented  in  Pig.  22  shoving  a  possible  "design  chart" 
for  yaw  and  roll  controllers  at  high  angles-of- 
attack.  The  diagram  (body  fixed  yawing  siommt  ver¬ 
sus  body  fixed  rolling  moaient)  contains  the  line  of 
coordination  (defined  by  the  equation  above)  and  an 
arbitrary  minimum  requirement  for  and  C|  (de¬ 
ducted  from  Fig.  21) .  The  exaiig>le  assumes  that  the 
aileron  and/or  flaperons  at  high  angles-of-attack 
produce  an  adverse  yaw/roll  characteristic.  Start¬ 
ing  from  this  characteristic  it  is  now  necessary  to 
meet  the  coordination  line  above  the  requireisent  by 
providing  the  appropriate  yaw  control  power.  It 
gets  evident  that  this  does  not  only  require  a  cer¬ 
tain  yawing  moment  but  also  an  C--C|  characte¬ 
ristic  of  the  yaw  controller.  Once  ^e  yaw/roll 
control  behaviour  is  fixed  by  configuration  details 
it  is  of  no  use  to  Increase  the  yaw  potential  bey¬ 
ond  the  "line  of  coordination".  The  capabilities 
for  a  well  coordinated  roll  maneuver  will  not  im¬ 
prove  . 


4.  Conclusions 

Recent  experience  in  the  design  of  highly  augstented 
modem  fighter  aircraft  with  basically  unstable 
characteristics  in  pitch  has  shown,  that  the  early 
integration  of  flightmechanical  requirements  into 
the  aerodynasdc  optimization  process  is  mandatory. 
Maximum  allowable  instabilities  and  control  power 
requirianents ,  will  set  remarkable  constraints  to 
the  freedom  of  aerodynamic  design  and  influence 
essential  coiq>onents  of  the  aircraft.  Because  of 
the  ccsq>lex  aerodynamic  effects  at  high  angles-of- 
attack  it  will  be  necessary  to  approach  the  "basic 
configuration"  by  some  optimisation  loops.  During 
the  whole  process  specialists  from  f li^tmechanics , 
aerodynamics  and  overall  design  departments  have  to 
form  a  close  team  in  order  to  end  yap  with  an  excel¬ 
lent  well-balanced  design* 

Furthermore  the  discussions  have  shown  that  the 
requirements,  presented  in  the  sections  above,  are 
up  to  now  not  finally  settled  and  they  may  not  be 
applicable  for  other  aircraft  projects  without 
previous  examination.  The  specific  boundaries  and 
numbers  within  the  criteria  will  have  to  be  in¬ 
dividually  tuned  to  the  design  goals  of  the  project 
under  consideration.  Especially  the  diagrams  of  the 
T, -Criterion  can  easily  be  ^^dated  and  revised  if 
the  procedure  in  [Ref,  9]  is  run  with  Handling/Ride 
(hiality  and  Stability  Requirements  of  current  in¬ 
terest  . 

It  is  proven,  however,  that  a  set  of  criteria  which 
represents  a  platform  of  cmmwn  discussion  for  the 
specialist  groups  "Aero^fnamlcists",  "Flight- 
mechanics"  and  "Control-Law  Designers"  within  early 
phases  of  a  new  fighter  project  can  be  and  must  be 
established  in  order  to  avoid  unaoqpected,  time  con¬ 
suming  and  costly  difficulties  in  later  design 
^ksses. 


7.  ■nwocl.tiif 


Fix.  21  points  out  how  the  roll  acceleration  re- 
quiremant  has  to  be  transfered  into  body  axes.  The 
dafbiitiea  of  angle-of-attadt  and  calibrated  air- 
•peed/dyiMmic  praaawe,  idmte  the  agiUty  is  re- 
q^red,  leads  to  the  datetiom  of  the  bo^  fimsd 
roll  and  yaw  eentrel  power  reqpdramamts,  foma 
furth«  analysis  alwea  that  for  any  coordinated 
roll  manmivif  onset  the  relation 
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Fig,  1  Correlations  between  Handling  Quality  itequirements  and 

Aerodynamic  Parameters  for  an  Unaugmented  Aircraft  (Pitch  Axis) 
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Fig.  2  Correlation  between  Handling  Quality  Requirements  and 

Aerodynamic  Parameters  for  Unaugmented  Aircraft  (Lat./Dir.  Axes) 
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Flo.  3  Flightmechanical  Design  Aspects 
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Fig.  5  Key  Characteristics  for  the  Aerodynamicists 
Pitching  Moment  versus  Angle  of  Attack 


Fig.  6  Principle  Problems  of  (Pitch)  Stabilization 
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Fig.  7  Kay  Characteristics  of  Unstable  Design  in  Pitch 
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Fki.  8  T2-Criterion  for  Unstable  Fighter  Aircraft 


Fig.  9  typical  Modern  Fighter  Configurations 

(Designed  for  European  Mission  and  Manoeuvre  Requirements) 
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Fhi.  18  Typical  Data  of  Modam  FIghtar  Aircraft  in  the  Subsonic  Region 
(Longitudinal  Motion); 
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Correlations  between  Aerodynamic  Derivates  and  Dynamic 
Instability  (Time  to  Double  Amplitude  TJ 
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Flo.  12  Influence  of  Static  and  Dynamic  Derivatives  on  Tlme-to-Double 
Amplitude  Tg 
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Flo.  18  ApplIoaMon  of  Tg-CrUorlon  wWWn  tho  Aorodynomlc 


18-13 


Fig.16  Definition  of  Pitch  Recovery  Margin  at  High  Angles  of  Attack 
by  Roii  Rate  Requirement 
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FkLl9  DMign  Crttwta  for  Latwat/Directional  Characteristics 
(at  High  Angles  of  Attack) 
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Fla.  20  Oaflnltion  of  Roll  Control  Power  by  Roll  Performance  Requirements 


Flo.  21  Definition  of  Body  Rxed  Roll  and  Yaw  Control  Power 

(Coordinated  Rolls  at  High  Angles  ol  Attack) 
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AEKOSBSVOKLASTIC  STABILITY  OP  AIRCRAFT 
AT  HIGH  IMCIDRNCB 
by 

Juergen  Becker 

MSB  GabB  Fe273 
P.O.  Box  80  11  60 
D-8000  HQnchen  80 


soniABy 

The  aeroservoelastic  atablllty  of  a  fighter  type  aircraft  is  investigated  at 
high  angle  of  attack.  The  effects  of  nonlinear,  incidence  dependent  unsteady 
aerodynaaic  forces  of  elastic  aodes  and  of  control  surface  deflections  on  the 
structural  coupling  are  deaonstrated  for  low  and  high  subsonic  speeds  for  different 
incidences.  The  difference  of  open  loop  frequency  response  functions  calculated  with 
linear  and  with  high  angle  of  attack  unsteady  aerodynaaics  docuaents  the  necessity  of 
introduction  of  high  incidence  effects  for  aeroservoelastic  stability  calculations. 
Nonlinear  effects  are  introduced  using  unsteady  pressures  of  windtunnel  experiaents  on 
an  oscillating  aodel  by  correcting  of  theoretical  pressures. 


1.  IHTBODUCTION 

This  contribution  describes  a  possible  way  to  pred.ct  the  aeroservoelastic 
stability  of  an  aircraft  at  high  incidence  including  nonlinear  aerodynaaic  effects. 
The  design  of  flight  control  laws  for  aodern  aircraft  is  very  auch  influenced  by 
aeroservoelastic  aeabers  to  alleviate  structural  coupling  effects.  Notch  filters  or 
active  feedbacks  of  local  elastic  accelerations  or  rates  have  to  be  optiaized  in 
order  to  give  ainiaua  structural  coupling  together  with  alniaua  acceptable  effects  on 
aircraft  handling  and  on  flutter  phase  and  gain  aarglns  without  violating  required 
stability  Halts.  The  design  of  the  notch  filters  or  of  the  active  feedback  control 
laws  is  in  general  based  on  an  analytical  dynaaic  aodel  which  includes  the 
description  of  flight  and  structural  dynaaics  together  with  unsteady  aerodynaaic 
forces  of  the  elastic  vibration  aodes  and  of  control  surface  deflections.  A  specific 
problea  area  concerning  layout  of  filters  or  control  loops  arises  especially  at  high 
incidence,  high  dynaaic  pressure  flight  conditions  since  the  unsteady  aerodynaaic 
forces  which  especially  in  ease  of  unstable  aircraft  configurations  play  an  iaportant 
cole  for  the  stability  aacgins  of  elastic  aodes  coapaced  to  those  on  ground 
conditions . 


The  problea  steas  froa  the  fact  that  theoretical  unsteady  aerodynaaics  froa 
linear  theory  which  have  anyhow  to  be  applied  do  not  include  high  incidence 
aerodynaaic  effects,  effects  of  flow  separation  or  related  nonlinear  aerodynaaic 
behaviour.  The  investigation  is  perfocaed  on  a  typical  Delta  Canard  fighter  aircraft 
siailac  to  the  configuration  shown  in  Fig.  1. 


2.  STABILITT  CBITniA 

For  stability  aseesaaents  of  the  aircraft  with  Flight  Control  Systea  (FCS) 
criteria  froa  the  following  HIL-Specs  ace  applied: 

1)  FLIOar  COHTBOL  SYSTBH,  HlL-f-9490O(OSAr ) 

2)  AIBPLANC  STBBNGTH  AND  RIOIDITT  VIBMTIOM  FLOTTIB  AND  DIVBKGKNCB,  HIL-A-Ba70B(AS) 

The  ailitacy  specifications  for  aircraft  with  FCS  contain  gain  and  phase  aargin 
requireaants  for  the  open  loop  frequency  responses  for  the  rigid  dynaaics  in  the 
frequency  range  of  the  aodes  N  froa  0.06  j  f,  <  first  aeroelsstic  node  which  ace  in 
the  range  of  ainiaua  to  saxtaua  operational  speed  6  dB  gain  and  45  degree  phase 
aargin  and  at  Halt  airspeed  V.  4.5  dB  gain  and  30  degree  phase  aargin.  HIL-F-9490D 
requires  for  the  node  frequencies  f„  >  first  elastic  nods  8  dB  and  60  degrees  phase 
aargin  in  the  operational  range  and  6  dB  and  45  degrees  phase  aargin  for  V,,. 

Special  requi resents  for  node  frequencies  f>  >  first  elastic  node  aay  be 
foraulated  which  take  into  account  uncertainties  in  the  prediction  of  unsteady 
aerodynaaic  forces  at  extreaa  flight  conditions.  Bspecially  if  actively  controlled 
configurations  are  concerned,  which  are  unsteble.  For  these  configurations  the  flight 
clearsnce  has  to  be  based  upon  prediction  for  open  loop  response  functions,  since 
in  flight  testing  cannot  be  the  basis. 
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The  aeroservoelastlc  stability  requirsBents  defined  for  flutter  In  liIL-A-8870B 
shall  be  awt  as  well.  A  elnlaua  required  flutter  narqln  boundary  of  15%  In  V,  at 
constant  altitudes  and  at  constant  Nach  nusdsers  Is  defined  there.  The  daaplnq 
coefficient  9  for  any  flutter  aode  shall  be  at  least  three  percent. 

The  requirements  are  deaonstrated  in  flq.  2. 


3.  DCSChlPTIOH  OF  THB  STBOCTinUU.  COOPLIMG  PBCBLBH 

The  structural  coupling  problem  described  here  is  specific  for  military 
aircraft  with  heavy  underwing  tanks  where  at  low  frequencies  down  to  about  4  Bs  wing 
bending  modes  are  present  due  to  the  high  mass  condition.  These  low  frequency  wing 
bending  modes,  shown  for  the  configuration  analysed  in  fig.  3,  produce  counteracting 
fuselage  mades  which  ace  mainly  rigid  fuselage  pitch  oscillations. 

These  rigid  fuselage  modes  create  a  coupling  problem  which  is  in  contrast  to 
the  general  well  known  structural  coupling  problem  caused  by  the  first  elastic 
bending  node  of  the  fuselage  and  the  feedback  of  its  elastic  fuselage  pitch  rate 
signal  through  the  gyros  to  the  control  surfaces,  fig.  3  fifth  mode.  The  structural 
coupling  effects  caused  by  the  first  fuselage  bending  mode  can  easily  be  reduced  by 
putting  the  gyros  in  a  position  of  sero  elastic  mode  pitch  angle  or  rate.  In  addition 
strong  notch  filtering  can  be  introduced  in  the  feedback  loop  to  avoid  coupling. 

The  feedback  signal  of  the  gyro  in  the  frequency  of  the  low  frequency  wing 
bending  modes  however  cannot  be  influenced  and  alleviated  by  gyro  positioning.  In 
addition  the  frequency  of  the  first  elastic  mode  is  so  low  that  the  normally  used 
notch  filter  technique  to  reduce  structural  coupling  cannot  be  applied  fully.  The 
stability  criteria  for  handling  would  be  affected  by  loss  of  phase  at  around  the 
short  petiode  node  frequency  due  to  effects  of  the  notch  filtering.  Therefore  the  low 
frequency  mode  shall  be  shown  as  a  phase  stable  mode.  If  this  mode  cannot  be  phase 
stabilised  c^ZIguratlon  changes  or  active  control  means  wuld  be  helpful.  A  typical 
behaviour  of  the  structural  coupling  effect  in  the  low  frequency  mode  is  the  increase 
of  the  frequency  response  in  flight  due  to  unsteady  aerodynamic  excitation  by  the 
control  surfaces.  (This  effect  was  not  experienced  in  the  structural  coupling  signal 
of  the  first  fuselage  bending  mode  of  other  fighter  aircraft  where  the  problem  was 
always  found  for  on  ground  conditions  and  in  flight  aerodynamic  mode  damping  caused 
lower  coupling.) 

Therefore  the  aerodynamic  excitation  forces  of  the  low  frequency  node  and  its 
aerdoynamic  damping  is  of  prime  interest  for  the  stability  of  the  heavy  tank  aircraft 
configuration.  The  effects  of  unsteady  aerodynamic  forces  at  high  angle  of  attack 
have  to  be  considered  carefully. 


4  .  AMALTTICAL  NOMLLINO 


The  calculation  of  open  loop  frequency  response  functions  has  to  be  based  on  an 
analytical  model  which  represents  the  rigid  aircraft  dynamics  and  contains  the 
dynamic  equations  of  the  control  laws,  the  sensor,  computer  and  actuators  transfer 
functions.  This  rigid  aircraft  dynamic  model  Is  coupled  to  the  structural  dynamic 
aircraft  nodal  which  represent  the  dynamic  behaviour  of  the  elastic  aircraft 
including  unsteady  aerodynamic  forces  of  the  elastic  modes  and  of  the  control 
surfaces  (generalised  aerodynamic  forces  of  elastic  modes  and  generalised 
efficiencies  of  inboard,  outboard  and  foreplano  rotations).  The  structural  dynamic 
equations  are  formulated  for  unsteady  aerodynamic  forces  which  are  function  of  the 
angle  of  attack. 

-  w*  B,  q,  ♦  B,  •,»  q,  (1  +  ig, )  e  i  A,^  (■•,  Ba,  •)  q,  (m) 

^  ( ( A,  ( Sj  ,Ba , m)^ ^ ^ ^  ll/s  *  ^1 /s  ^  hj  ( w§  ,Ba,m) l»/s  *  ^  A^  (uj  ,Ba,m)s^^  Ipp  *  hpp 

*  t*»»i/»  *1/*  *  *1/*  *  *•/»  *»/s  *  *•!»*  *t»  *  *p»Il 


dm)  ♦  r, 


(ia)  • 


(im) 


19-3 


where 

Qr 

generalized  coordinate 

u. 

mode  frequencies 

", 

generalized  masses 

generalized  stiffnesses 

J  (ao  sMa) 

generalized  unsteady  aerodynamic  forces  of  the  modes 

»  1  /  b  ^  ®0  ) 

generalized  unsteady  aerodynamic  efficiency  of 

inboard  flap 

4  0  /  b  ^  ®0  ^ 

generalized  unsteady  aerodynamic  efficiency  of 

outboard  flap 

*  r  P  t  ®o  #  Aa  ) 

generalized  unsteady  aerodynamic  efficiency  of 

foreplane 

4  i  /b 

generalized  inertia  coupling  term  for  inboard 

flap 

«E4b/b 

generalized  inertia  coupling  term  for  outboard 

flap 

4  P  p 

generalized  inertia  coupling  term  for  foreplane  deflection 

PpACTOlti") 

Actuator  impedance  function 

T  ■  0  ( 

Sensor  transfer  function 

FpiASl  AOvU«) 

Advance  filter  characteristic 

*^l/b  »*^«/b  »^pp 

Control  loop  gains 

The  unsteady  aecodynaalc  forces  A,-,  *t»rF  •**  calculated  by 

coaputec  prograas  for  the  derivation  of  linear  unsteady  aerodynaaic  forces  for  the 
case  of  saall  angles  of  attack  and  for  high  angle  of  attack  with  the  procedure  as 
described  in  the  following  chapter. 


5.  PREDICT  ton  QP  UMSTSADY  ABRODYHAHiC  TORCBS  AT  BIGB  IHCIDBMCE 

Aeroservoeiastic  and  flutter  calculations  with  the  inclusions  of  flight  control 
effects  are  nocnally  pecforaed  for  level  flight  conditions  using  linear  unsteady 
aerodynaaic  theory.  The  results  of  these  calculations  could  be  in  error  for 
aanoeuvering  conditions  of  ailitary  aircraft  froa  aediua  up  to  high  incidences,  since 
the  applied  linear  theories  do  not  account  for  effects  of  leading  edge  vortices  at 
higher  incidences  and  effects  of  locally  separated  flow  are  not  included  in  the 
calculation  of  notion  induced  unsteady  aerodynaaic  forces.  These  effects  aay  be 
introduced  into  the  aecosevoelastic  analysis  using  a  correction  aethod  as  described 
in  ref.  1,  2,  3  and  aeasured  unsteady  pressure  distributions  on  a  windtunnel  nodel 
for  only  one  rigid  node. 


S.l  DBSCRIPTION  OF  THE  COUWCTIOH  lOTHOD 

The  correction  aethod  as  developed  in  ref.  1  is  applied  for  the  update  of 
generalised  forces  used  in  the  analytical  aodel  for  aeroservoslastic  calculations. 

The  calculation  of  the  generalised  aerodynaaic  notion  dependant  forces  A, ^  (n,, 

Ha,  k)  is  perforned  by  a  nodification  of  linear  unsteady  aerodynaaic  theory,  the  3D 
Doublet  lattice  aethod,  or  the  collocation  aethod  using  both  aeasured  steady  pressure 
distributions  and  the  aeasured  unsteady  pressure  distribution  of  a  wing  oscillation. 

The  problea  consists  here  aainly  in  the  prediction  of  the  diagonal  terns  A,,  and  of 
the  coupling  terns  A,,  at  separated  flow  condition  if  only  one  aeasured  node  is 
available. 

The  corrected  generalised  aerodynaaic  notion  dependent  forces  A, j  (a,,  Ha,  k) 
are  calcuated  as  follows  for  given  Hachnunber  Ha  and  reduced  frequency  k, 

A,j  -  H  I  Ac', (a,,  k)  + 

IS) 

~  ACpi  (a,,  k)  I)  Uj  dS 

The  corrected  unsteady  pressure  distribution  Ac,,  of  the  aeasured  vibration  aode  u,  (x,y) 
is  calculated  by  using  a  nodified  kineaatic  boundary  condition. 

Ac,,  •  ID'  +  i  D"l-‘  e  • 
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where 

of  aerodynamic  influence  coefficients. 

Qq  Is  calulated  from  local  Machnuaber  and  speed  of  sound. 
U.  ♦  Uo  (X.  y)  -  a  (X,  y)  Ha  (x,  y) 


is  the  matrix 


U.  *  u, 

U. 


3u. 

ax 


i  k 


The  local  velocity  U.  + 


f  2  f  1  '  .  1  1 

«a  (*,  y)  -  I  ipr-T  (1  ^  j£_|5L  c,  J  1 

The  local  speed  of  sound  a  (x,  y)  •  \ xRT  is  derived  frott  adiabatic  compression. 

From  the  difference  between  measured  and  corrected  unsteady  pressure  distribution  of 
the  measured  vibration  mode  an  additive  correction  term 

racpi  -  ACp,  J 

is  known,  which  for  the  formulation  of  arbitrary  vibration  modes  is  assumed  to  be 
independent  of  the  mode. 

The  corrected  pressure  distribution  for  arbitrary  mode  shapes  are  then  calculated 
by 

acp,  .  to'  +  i  I 

In  general  the  measured  motion  induced  pressure  contains  a  contribution  of  the 
fluctuating  pressure  at  the  reduced  frequency  of  the  harmonic  oscillation  k.  The 
contribution  Ac^  (k)  may  be  approximatlvely  extracted  from  the  static  measurement. 
Therefore  the  measured  unsteady  pressure  can  be  corrected. 

AC,,,  (k)  -  (AC,,  (k)  +  Ac,,  (k)  1  -  Ac„  (k) 


5.2  NIIfOnillNEL  MODEL  DBSCRIFTION 

The  windtunnel  tests  were  performed  on  a  1/7  scaled  half  model  of  a  tactical 
fighter  type  aircraft.  The  model  configuration  included  a  delta  wing,  a  foreplane  and 
half  a  fuselage  installed  at  the  windtunnel  wall  (fig.  4).  The  wing  and  foieplane 
were  very  stiff,  machined  out  of  steel. 

The  fuselage  was  fixed  to  the  turn  table  by  means  of  a  large  rigid  cylindrical 
part  locked  when  incidence  was  reached  by  a  set  of  hydraulic  brakes  (fig.  5).  The 
fuselage  contained  two  hydraulic  rotating  actuators.  The  first  one  aligned  with  the 
foceplane  axis,  allowed  to  give  static  foreplane  deflections  while  the  second  one 
aligned  with  the  fuselage  center  line  provided  roll  excitation  of  the  wing. 

The  different  measurements  performed  were:  steady  and  unsteady  pressure  fields, 
steady  and  unsteady  roll  moment,  accelerations  on  the  wing.  The  model  was  equipped 
with  67  pressure  pick-ups,  67  steady  pressure  tappings,  7  accelerometers,  3  strain 
gauge  bridges.  The  steady  and  unsteady  pressure  pick-ups  pairs  were  distributed  along 
four  wing  sections  on  the  upper  surface  and,  in  a  smaller  number,  al..ng  three  wing 
sections  on  the  lower  surface. 

Tests  were  performed  using  sinusoidal  wing  roll  excitation.  After  conditioning 
and  switching,  amplifying  and  filtering  at  a  cut-off  frequency  chooaen  between  once 
and  twice  the  excitation  frequency,  the  signals  were  digitalised  at  a  sampling  rate 
of  eight  times  the  excitation  frequency.  Fourier  analysis  was  performed,  modulus  and 
phase  of  each  signal,  normalised  to  the  amplitude  of  the  roll  oscillation  were 
computed  at  the  excitation  frequency,  giving  unsteady  pressure  coefficients. 

Tests  were  performed  for  different  Mach  numbers  and  angles  of  attack  including 
buffeting  situations.  The  Mach  number  ranged  from  0.3  to  0.95,  Incidence  ranged  from 
0  to  40  degrees,  decreasing  as  Mach  number  increased:  40  degrees  at  H  •  0.3,  10 
dsgreea  at  H  •  0.85  and  0.9,  8  degraes  at  H  -  0.95. 

5.3  HBASDEB)  gOASISTBAOT  FfOSSSM  DtSTMIWJTKMS 

The  quasisteady  pcesture  distributions  are  demonstrated  for  some  characteristic 
conditions  in  fig.  7  for  the  upper  and  lower  wing  surface  separately.  There  are  7 
apanwlse  sections  shown  for  upper  and  lower  side,  5  are  corresponding  to  real 
measurement  sections.  The  values  at  y/s  •  0.3  and  0.15  act  interpolated. 
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Hach  0.8,  zero  incidence 

Tha  pressure  distribution  at  upper  and  lower  side  shown  in  fig.  7  above  is 
typical  for  subsonic  flow^  upper  and  lower  side  pressures  are  siailar  in  asplitude, 
no  transonic  effects  are  apparent.  The  applicability  of  linear  subsonic  theory  may  be 
reasonable  for  this  condition. 


Mach  0.9,  zero  incidence 

The  pressure  distribution  at  the  wing  upper  side  is  characterised  by  transonic 
effects,  visible  in  the  spanwise  sections  y/s  •  0.5,  0.75,  0.9,  0.95,  possibly  due  to 
a  shock  located  at  about  midchord. 

The  lower  side  shows  less  effects  and  is  similar  to  the  M  >  0.6  results. 

Mach  0.8,  tt  ■  6.0  deg. 

Strong  changes  can  be  observed  in  the  upper  side  pressure  distribution  if  the 
static  incidence  is  increased  from  0  to  8.0  degrees  indicating  a  strong  nonlinear 
behaviour  of  the  quasisteady  forces  with  incidence.  High  effects  due  to  a  leading 
edge  vortex  are  present  for  the  inner  wing  resulting  in  high  pressure  peaks,  even 
changes  in  pressure  sign  are  observed  at  y/s  •  0.5. 

The  lower  side  pressures  are  less  effected,  especially  for  inner  wing  sections, 
however  outer  wing  sections  show  a  decrease  in  amplitude  compared  to  sero  incidence 
results. 

Similar  strong  leading  edge  vortex  effects  are  observed  also  at  :!ach  0.9  at 
inner  wing  sections  in  the  upper  side  pressure  distribution. 

The  strong  increase  of  the  outer  wing  trailing  edge  pressures  compared  to  zero 
incidence  results  observed  at  a  •  8.0  deg.  upper  side  gives  an  indication  of  an 
increase  in  node  excitation  if  the  behaviour  is  extrapolated  to  pressure  for  outboard 
flap  rotation. 

Conclusions  from  quasisteady  pressures; 

-  k  very  strong  nonlinear  behaviour  ol  quasisteady  pressure  distributions  at 
wing  upper  side  with  static  incidence  is  observed  both  for  Hach  0.8  and  Mach  0.9.  The 
lower  side  pressures  are  less  affected  by  static  incidence  and  remain  almost 
unaffected  from  6.5  degrees  on. 

-  Outer  wing  trailing  edge  pressures  show  an  increase  compared  to  zero 
Incidence  results,  indicating  higher  excitation  forces  if  extrapolated  for  instance 
to  outboard  flap  rotation  both  for  H  •  0.8  and  M  *  0.9  and  incidences  greater  than 
zero. 


5.4  DESCRIPTION  OP  HBASORID  UNSTBADT  PRBSSORB  DISTRIBUTION  DUE  TO  HARHONIC  WING 
ROLL  OSCILLATIONS 


5.4.1  HACH  O.S  RESULTS 

The  pressure  distributions  due  to  harmonic  wing  roll  are  demonstrated  for  the 
upper  and  lower  side  of  the  wing  in  real  and  imaginary  part  of  the  unsteady  pressure 
upper  side  in  fig.  8. 

Cp,  (X,  y,  k)  -  Cp„  (X,  y,  k)  +  i  Cp„  (x,  y,  k) 

()'  and  ()''  for  real  and  imaginary  part 
k  •  2xfs/V  reduced  frequency  (s  »  0.821  m) 
f  -  10  Bs. 

Static  incidence  8.0  degrees 

Strong  nonlinear  effects  with  incidence  are  found  in  general  for  the  inner 
upper  wing  leading  edge  corresponding  to  leading  edge  vortex  effects  and  also  for  the 
outer  wing  sections  strong  a  dependent  effects  occur  in  the  resl  and  imaginary  part 
of  the  unsteady  pressures.  The  lower  side  pressure  distributions  are  less  influenced. 
Only  one  exa^le  is  demonstrated  here  for  S.O  degrees  and  Mach  0.8. 

Conclusions  of  the  unsteady  results 

-  Similar  strong  nonlinear  effects  with  static  incidence  as  observed  for 
quasisteady  pressures  are  present  in  unsteady  upper  side  pressures  due  to  haralc  wing 
roll  oscillations.  The  modulus  of  the  unsteady  pressurts  is  increased  at  incidences 
3.S  to  8.0  degrees  at  the  inner  wing  leading  edga  region  end  at  the  trailing  edge 
outer  wing  region  In  real  and  laaginary  part.  The  lover  side  unsteady  pressures  are 
lata  effected  by  static  incldenca. 
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5.4.2  HACB  0.3  RESULTS 

The  unsteady  pressure  distributions  due  to  the  wing  coll  oscillation  were 
evaluated  for  different  static  incidences  froe  a  •  12.5  up  to  40  degrees  and  roll 
Botion  frequencies  6,  12  and  18  Bs  for  the  clean  wing  configuration  for  wing  upper 
and  lower  side.  Soae  results  are  sho%m  in  fig.  8  and  9  for  12.5  degrees  and 
25  degrees. 

Influence  of  frequency 

The  iaaginary  part  of  the  upper  side  'pressure  distribution  changes  almost 
linearely  with  frequency  in  the  measured  frequency  range  6  -  18  Hz.  All  typical 
leading  edge  vortex  effects  are  repeated  with  different  frequency  for  different  high 
static  incidences. 

Influence  of  static  incidences 


The  increase  in  the  amplitude  of  the  upper  side  outer  wing  imaginary  parts  of 
the  pressure  distribution  at  high  incidence  compared  to  zero  incidence  or  linear 
theory  gives  indication  of  an  increase  in  elatic  model  damping  at  least  for  the  first 
wing  elastic  bending  node. 

There  is  also  the  indication  that  the  aerodynamic  damping  of  elastic  modes  will 
be  present  up  to  40  degrees  of  incidence,  since  all  imaginary  parts  of  the  pressure 
distribution  for  all  high  a  conditions  up  to  40  degrees  47  are  of  significant 
amplitude  and  increase  Linearely  with  frequency.  Therefore  no  loss  of  damping  may  be 
expected  also  for  other  modes  than  the  rigid  wing  roll  mode. 

But  higher  mode  excitation  due  to  an  inboard  /  outboard  flap  rotation  might  be 
expected  due  to  the  Increase  of  trailing  edge  real  and  imaginary  pressures  found  at 
all  high  incidences. 


5.6  GBMBRALI2BO  AERODYMAfllC  FORCES  AT  BIGB  INCIDBNCB 

Two  aerodynamic  magnitudes  are  essential  for  the  aeroservoelastic  stability 
namely: 


1.  The  generalized  control  surface  efficiencies 

2.  The  aerodynamic  mode  damping 

For  the  structural  configuration  treated  the  generalized  aerodynamic  damping  of 
the  low  frequency  elastic  total  aircraft  modes  and  the  generalized  inboard  and 
outboard  flaperon  unsteady  efficiencies  will  cause  the  most  interesting  coupling 
effects  in  flight. 

In  order  to  clarify  the  influence  of  the  static  incidence  on  the  control 
surface  efficiencies  and  mode  dampings  comparisons  are  demonstrated  in  tables  2  to  17 
showing  theoretical  values  indicated  by  (a  •  0  deg)  and  corresponding  corrected 
values  for  a  «  25  degrees  at  Nach  0.4  and  for  Hach  0.8  and  0.9  at  a  >  6.5  and 
8  degrees. 

Control  surface  efficiencies: 


For  Nach  0.4  both  for  the  inboard  and  outboard  flap  the  correction  causes  in 
general  an  increase  in  the  magnitude  of  the  real  part  of  the  control  surface 
efficiencies  of  about  10%  -  48%  of  the  theoretical  value  depending  on  the  normal 
mode,  see  table  2  to  4.  The  unsteady  hinge  moments  of  outboard  flap  is  strongly 
increased  by  about  35%.  The  imaginary  parts  of  the  efficiencies  are  also  strongly 
changed. 

The  effects  on  unsteady  outboard  efficiencies  are  even  higher  at  Hach  0.8  a  * 
6.5  and  8  degrees  as  demonstrated  in  table  7  to  10.  Factors  up  to  1.7  are  present 
depending  on  the  mode.  The  effects  are  smaller  at  Hach  0.9  a  •  7.5  deg,  factors  up  to 
1.35  are  found  compared  to  linear  theory,  see  table  16. 

Aerodynamic  mode  damping 

Comparison  of  corrected  and  theoretical  generalised  forces  for  the  first  and 
second  elastic  mode  are  shown  in  table  5,  6  for  Hach  0.4,  in  table  11,  12,  13  and  14 
for  Nach  0.8  and  in  table  15,  16,  17  for  Nach  0.9. 


At  Nach  0.4,  25  deg  the  imaginary  part  of  the  second  elastic  mode  is  increased 
by  a  factor  of  1.25. 

At  Mach  0.8,  6.5  degrees  the  imaginary  part  of  the  second  elastic  mode  is 
increased  by  a  factor  of  1.7  (table  13),  at  Mach  0.8,  8  degrees  the  factor  is  also 
1.7  (table  14) . 

At  Mach  0.9,  7.5  degrees  the  imaginary  part  of  the  second  elastic  mode  is 
increased  by  a  factor  of  1.3. 

It  is  noted  that  the  aerodynamic  mode  damping  is  proportional  to  the  imaginary 
part  of  the  generalised  force. 


6.  PROOF  OF  THE  PREDICTION  METHOD 


The  validation  of  the  prediction  method  has  been  performed  earlier  in  ref.  2 
and  3  using  windtunnel  measurements  on  a  trapezoidal  wing. 

The  corrected  pressure  distribution  Ac  ^  of  a  not  measured  mode  j  is  predicted 
from  a  measured  mode  i  according  to  chapter  5.1 


ACp  (  iw)^ 
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pure  theoretical  pressure  of  the  not 
measured  mode  j 

pure  theoretical  pressure  of  the  measured 
mode  i 

experimental  pressure  of  the  measured  mode  i 

incidence  distribution  of  the  not  measured 
mode  j 

incidence  distribution  of  the  measured  mode  i 


ACp(iw),  corrected  pressure  distribution  of  the  not 
measured  mode  j 

The  windtunnel  measurements  on  the  trapezoidal  wing  have  been  performed  for  a  pitch 
and  roll  motion,  see  fig.  11. 

For  instance  the  corrected  (predicted)  pressure  distribution  of  a  pitch  oscillation 
from  a  roll  oscillation  is 
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or  the  corrected  pressure  distribution  of  a  roll  oscillation  from  a  pitch  oscillation 
is 


™  ^^pPitch  « X p .  “  ^^pPitch 


Fig.  11  demonstrates  the  comparison  between  theoretical  and  measured  results  of  a 
wing  roll  motion  with  predicted  pressures  from  wing  pitch  notion  pressures.  The 
result  fully  validates  the  correction  method  for  subsonic  speeds. 
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is  simplified  because  the  influences  of  local  velocity  components  were  shown  to  be 
of  minor  influence  for  low  subsonic  flow. 


The  validation  the  method  using  transsonic  model  results  could  not  be  performed 
in  a  consistent  manner  for  high  subsonic  speeds  since  only  one  vibration  mode,  wing 
roll  was  tested. 


In  order  to  check  the  prediction  at  high  Machnumber  quasisteady  results  have 
been  applied  in  order  to  predict  unsteady  presures  from  TRF  wing  roll  aeasurenents. 


Using  quasisteady  pressures  for  the  prediction  of  transonic  aodel  unsteady  wing 
roll  results  was  based  on  a  reduced  foraula 
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^^P««xp  K  »  0}  »  measured  quasisteady  pressure  distribution 
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Aep,  (K  -  0)  «  theoretical  pressure  distribution 

The  comparison  of  measured  unsteady  pressures  of  the  transonic  model  wing  roll 
motion  with  this  prediction  at  Mach  0.8  and  Mach  0.9  also  demonstrated  an  improvement 
expecially  at  the  wing  tip  region. 


7.  OPEN  LOOP  FREQUENCY  RESPONSE  FUNCTIONS 

The  effects  of  high  incidence  unsteady  aerodynamic  forces  on  gain  and  phase 
margins  are  illustrated  in  fig.  12  and  13  for  the  open  loop  response  function  of  the 
longitudinal  controller  of  the  Delta  Canard  fighter  aircraft  for  Mach  0.4,  25  degrees 
and  sea  level. 

Fig.  12  shows  the  Nichols  diagram  with  and  without  corrected  aerodynamics  in 
the  frequency  range  up  to  the  third  elastic  mode.  As  expected  from  the  aerodynamic 
forces  in  tables  1  to  6  there  are  small  influences  on  the  open  loop  gain  and  on  the 
phase.  The  phase  at  around  the  second  elastic  mode  is  increased  up  to  15  degrees, 
gain  difference  up  to  1.5  dB  are  observed. 

The  first  elastic  mode  is  shown  to  be  phase  stable,  whereas  the  second  mode  at 
4.5  Hz  does  not  meet  the  stability  requirements  indicated  by  the  shaded  area. 

The  same  frequency  response  functions  are  depicted  in  Bode  diagrams  in  fig.  13 
for  frequencies  up  to  30  Hz.  Depending  on  the  elastic  mode  there  are  increases  in  the 
modulus  up  to  3  dB  due  to  effects  of  high  a  aerodynamics  present. 


In  fig.  14  the  results  for  Mach  0.8  and  8  degrees  of  incidence  are  illustrated 
without  and  with  corrected  unsteady  aerodynamic  forces  in  the  Nichols  diagram.  For 
corrected  and  pure  theoretical  unsteady  aerodynamic  forces  the  results  show  a  phase 
stable  first  and  second  elastic  mode. 

The  third  mode  at  5.5  Hz  does  not  meet  the  requirements  with  and  without  the 
effect  of  high  incidence  aerodynamics,  but  with  incidence  correction  a  reduction  of 
the  positive  dB's  is  present.  For  higher  elastic  modes  at  9  and  12  Hz  the  effect  is 
about  a  4  dB  increase  as  demonstrated  in  the  Bode  diagram  in  fig.  15. 


8.  CONCLUSIONS 

From  the  investigation  of  the  aeroservoelastic  behaviour  of  a  Delta  Canard 
configuration  at  high  incidence  the  following  conclusion  can  be  drawn: 

1.  The  structural  coupling  of  low  frequency  elastic  modes  caused  by  pitch  rate 
feedback  can  not  be  influenced  by  sensor  positioning  nor  by  notch  filtering.  The  low 
frequency  modes  must  b->  phase  stable. 

2.  The  effects  ot  high  incidence  unsteady  aerodynamics  on  the  open  loop 
characteristics  of  low  frequency  elastic  modes  are  small,  though  the  strong  increases 
in  the  excitation  caused  by  the  unsteady  control  surface  efficiencies  are  predicted 
(factors  up  to  1.7).  The  increase  in  aerodynamic  elastic  mode  damping  with  incidence 
effects  may  have  reduced  the  increase  in  mode  excitation. 

3.  The  effects  of  high  Incidence  unsteady  aerodynamics  on  higher  frequency 
elastic  modes  are  considerably  big.  Increases  up  to  4.5  dB  in  the  open  loop  frequency 
response  are  possible. 

4.  The  prediction  method  for  high  incidence  unsteady  aerdoynamics  is  validated 
by  windtunnel  tests. 

5.  The  validation  of  the  prediction  method  by  flight  tests  is  outstanding. 

6.  High  incidence  aerodynamic  effects  have  to  be  considered  in  aeroservoelastic 
stability  predictions. 
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ROUND  TABLE  DISCUSSION 


Dr.  K.J.  0rllk-Rlick6«ann»  Institute  for  Aerospace  Reaearch,  Canada 

As  h«8  becoae  custoaary  at  FDP  syunpoaia,  we  will  begin  the  round  table  discussion  with  the  reaarks  of  the 
Technical  Evaluator.  I  would  like  to  re^nd  you  that  this  is  an  exceptionally  hard  job  to  perfors.  The 
Technical  Evaluator  has  to  sit  here  for  two  days  and  try  to  absorb  all  the  papers  which  are  being 
presented.  In  this  particular  case,  he  has  at  the  sane  tlae  to  present  his  own  paper,  and  at  the  end  of 
the  two  days  he  has  to  give  us  an  assessaent  or  whatever  wise  words  he  has  for  us  sore  or  less  sunmarlzlng 
the  aeeting.  It  la  a  very  tough  act  and  I  sa  very  happy  that  Gerry  Malcola  of  Eldetlcs  International  has 
agreed  to  undertake  this  act.  Mlthout  further  ado  I  would  like  to  ask  hla  to  tell  us  idiat  his  thou^ts 
are  about  this  aeetlng. 

Mr.  GJf.  Malcola,  Eldetlcs  International,  USA 

Probably  what  you  would  aost  like  to  hear  Is  a  suggestion  that  we  just  all  go  to  dinner,  but  I  have  to 
earn  ay  keep,  (tien  Kazlk  asked  ae  to  do  this,  I  asked  hla  what  the  requireaents  were  and  he  vas  helpful 
but  vague.  I  cieated  ay  own  Job  description  which  looks  soDethlng  like  this.  As  Kazik  said  you  have  to 
(1)  listen  attentively  to  19  papers  In  two  days,  (2)  take  copious  notes,  (3)  reaei^r  all  the  key  points, 
(4)  condense  all  relevent  facts  into  a  20  minute  review,  (5)  dan*t  leave  anyone  out,  (6)  stlaulate 
discussion  but  don't  offend  anyone  and  (7)  don't  exceed  your  welcoae  and  your  tine.  The  first  two  I  have 
done,  the  alddle  four  remain  to  be  seen  yet,  and  I  to  promise  to  take  care  of  number  7. 

The  beginning  of  the  Conference  was  opened  with  some  very  relevant  coiBDents  by  Kazik  with  regard  to 
background  and  he  suggested  that  we  need  to  worry  about  a  number  of  things  related  to  flight  at  high  angle 
of  attack  in  non-zero  sideslip,  a  flight  reglae  that  Involves  vortex  flows,  separated  flows,  and 
non-linear  aerodynaalcs.  We  are  talking  about  rapid  angular  motions  which  means  tiae-lag  effects,  and 
dynamic  effects  that  you  have  to  be  able  to  cope  with.  In  teraa  of  both  aeasurlng  or  estiaatlng  them.  We 
Bust  have  an  exteaded  aero  data  base  because  of  the  fact  that  we  now  need  to  Include  dynamic  teras  as  well 
as  static  teras.  We  must  explore  the  potential  need  for  enhanced  aerodynamic  controls  where  toethods  other 
than  the  conventional  control  systems  will  be  required  Including  thrust  vectoring,  forebody  control,  etc. 
He  aentloned  unorthodox  configurations.  I  don't  know  if  there  are  really  any  unorthodox  configurations 
anyaore,  but  we  have  three  surface  configurations,  the  X29  trtiich  is  perhaps  the  nost  unorthodox  with  Its 
forward  swept  wing,  and  many  types  of  high  fineness-ratio  forebodies.  Probably  the  bottom  line  is  that  we 
need  to  provide  the  means  for  better  aathenatlcal  models,  not  only  In  terms  of  the  experiments  that  we  are 
performing,  but  how  we  Integrate  results  from  experiments  Into  the  math  model  for  simulation  and  for  the 
prediction  of  flight.  We  had  papers  grouped  into  three  categories;  five  papers  in  the  high  angle  of  attack 
aerodynamics,  eight  papers  under  dynamic  experiments  where  these  two  groups  were  quite  closely  related  as 
you  have  seen  and  then  five  papers  classified  as  stability  and  control  oriented. 

For  my  evaluation  I  attempted  to  do  a  couple  of  things.  Since  1  don't  consider  myself  to  be  a  judge  of 
any  of  the  papers  that  have  been  presented,  I  thought  1  would  try  to  stimulate  an  active  Round  Table 
Discussion  and  Just  show  one  or  two  comments  from  each  of  the  papers  that  were  presented,  points  that 
struck  me  as  being  of  relative  Importance.  These  points  may  not  be  the  same  as  what  you  consider  to  be 
Important,  but  then  at  the  end  of  oy  discussion  I  have  a  couple  of  pages  of  suggested  topics  and  Issues 
that  you  might  want  to  discuss. 

In  the  high  angle  of  attack  aerodynamics  session  we  had  essentially  five  papers,  two  of  which  were  more  or 
leas  combined  dealing  with  the  X31.  We  had  one  concerning  large-amplitude  motions  on  delta  wings  which 
was  presented  by  Bob  Nelson  from  Notre  Oame  dealing  with  some  fundamental  studies  In  a  small-scale  wind 
tunnel.  Hr.  f^rrettl  discussed  methods  for  predicting  aerodynamic  phenomena  and  the  limitations  regarding 
aircraft  msnoeuversblllty  and  Hr.  Vlslntlni  presented  s  very  nice  study  on  parametric  evaluations  of 
effect  of  aircraft  components  oa  hl^  alpha  characteristics. 

The  points  that  1  got  out  of  these  various  discussions  are  as  follows:  With  regard  to  the  first  paper  on 
the  X31,  St  high  angles  of  attack  approaching  stall,  the  lateral  directional  stability  and  control 
degrades  rapidly.  The  emphasis  for  agility  Is  on  an  attained  rather  than  sustained  turn  rate  and  also 
attained  smaller  turn  radius.  The  degradation  in  directional  and  lateral  stability  obviates  the  need  for 
yaw  control  power  with  Increased  angle  of  attack  and  Increased  ability  to  roll  around  the  velocity 
vector.  Thrust  vectoring  is,  of  course,  one  way  to  achieve  this,  and  on  the  X3l  that  is  one  of  the 
important  parts  of  that  airplane  systas  for  both  pitch  and  yaw.  Obviously,  the  X3l  will  provide  a  very 
go^  flight  demonatrstlon  on  post-stall  technology,  and  we  will  all  be  anxious  to  see  how  this  program 
progresses. 

Paper  aui^r  2  deals  with  some  fundamental  work  again  by  Bob  Nelson  where  be  looked  at  some  simple  wind 
tunnel  experiments  showing  the  importance  of  high  amplitude  unsteady  aero  effects  both  in  pitch  and  roll 
high  amplitude  pitch  and  roll  osclUstlons  were  studied  including  wing  rock  pbcDoaena  where  he  showed  the 
Importance  of  time  lags  and  hysteresis  and  the  particular  Importance  of  vortex  breakdown  and  vortex 
position.  It  slso  Illustrated  the  fundamental  need  for  research  on  simple  bodies  in  order  to  provide  an 
understanding  of  the  flow  phenomena  that  we  are  dealing  with.  Paper  ntaber  3  mbs  presented  by  Mr. 
Ferrettl,  and  he  emphasized  the  need  to  develop  prediction  techniques  for  a  separated  flow  in  the  design 
stage,  dealing  both  with  conventlcnal  wing  planfoims  and  also  hlg^y  swept  planforms  that  are  dominated  by 
vortex  flows. 

Mr.  Vlsintinl  from  Aermschl  discussed  some  of  the  work  they  have  been  doing  looking  at 
coofiguratloQ-compcDcnts  comtrlbutlons  determined  throu^  model  buildup  wind  tunnel  teste  with  etatlc  and 
rotary-balance  tests.  He  lUustreted  tome  of  the  dlffloultlee  including  Reynolds  number  simulations  with 
some  very  Interesting  results  showing  the  effects  of  putting  transition  strips  on  the  model,  a  topic  that 
we  will  want  to  discuss  a  little  bit  sore  in  the  Round  Table  Diacusaioo.  Also,  the  coupling  between  the 
natural  asymmetry  that  we  aee  on  tiiese  slender  forebodies  snd  the  asymmetric  flow  conditions  that  are 
Induced  by  non-zero  oldeellp  and  by  rotation  rate. 
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We  had  eight  papers  classified  In  the  dynaolc  ezperiaeat  session.  We  had  a  presentation  by  Gerry  Jenkins 
and  his  co-author  Ernest  Hanff  working  on  aethods  to  represent  non-linear  airloads  with  a  hypersurface 
■odel,  which  was  really  an  analysis  of  the  hypersurface  approach  In  coaparlson  to  the  Indldal  response  In 
the  tlae  doaaln.  Ihls  paper  consists  both  of  analytical  work  and  soiie  very  laportant  ezperlaents  that 
have  gone  on  at  lAR  In  Ottawa  and  will  be  continued  In  the  SARL  tunnel  at  Vcl^t  Patterson  In  the  next 
■ooth.  We  heard  an  Interesting  presentation  by  Cunnln^ian  ^oa  GD  on  soae  very  detailed  work  that  he  has 
been  doing  with  MLR  looking  at  a  pitching  atrake-wlng  aodel,  aeasurlng  forces,  pressures,  and  flow 
visualisations.  It  Is  a  very  detailed  study  looking  at  the  coabinatlon  of  force  and  pressure  data  In 
conjunction  with  flow  visualization.  He  had  a  unique  display  of  the  pressure  and  the  flow  visualization 
data  irtilch  I  think  Is  very  helpful  In  helping  us  to  understand  the  nature  of  these  dynaaic  flows.  He  also 
Illustrated,  as  did  a  couple  of  other  people,  the  phenooena  of  lift  overshoots  and  undershoots. 

Charles  0*Leary  presented  soae  Inforaatlon  on  aeasurlng  acosleratloa  derivatives  both  In  heave  and 
sideslip  on  an  apparatus  that  he  has  developed  at  the  BAE  Is  Bedford.  He  Is  talking  about  considering 
idiether  we  need  to  Include  alpha  dot  and  beta  dot  effects  at  hl^  angles  of  attack.  His  conclusion  Is 
that  they  can  be  quite  large  In  the  high  angle  of  attack  reglse  and  that  we  cannot  Ignore  then.  He  also 
showed,  as  Kazlk  aentloned  In  his  marks  after  that  paper,  that  it  was  nice  to  see  a  good  correlation 
between  Ca  alpha  dot  which  was  deteralned  froa  oscillatory  translation  and  Cw)  plus  Cn  alpha  dot  idilch 
caae  frow  the  forced  oscillation  in  pitch  and  then  a  separate  ezperlaent  for  Ckq  whidi  was  done  with  a 
whirling  ara.  The  coabinatlon  of  those  derivatives  froa  dltferent  sources  correlated  quite  well.  The 
fourth  paper  also  related  to  hlgh-aaplltude  notions  with  a  hi^ily  swept  delta  wing,  60^  delta  wing,  and 
this  was  presented  by  Mr.  Torluod  froa  PAA  in  Sweden.  He  showed  essentially  noraal-force  and 
picchlng-aoaent  data  with  several  different  types  of  haraonlc  oscillations.  He  Indicated  that  stepwise 
actions  show  very  long  tlae  delays  for  vortex  breakdown  idtlch  we  need  to  be  concerned  about.  He  also 
^owed  soae  coaparisons  between  stepwise  pitching  and  an  unusual  gust  generator  in  the  tunnel  which  allows 
you  to  evaluate  alpha  dot  and  q  effects  separately.  The  fifth  paper  In  this  session  was  presented  by  Mr. 
kennler  and  dealt  with  unsteady  aerodynamic  pheioaena  at  hl^  angles  of  attack.  He  described  a  unique 
apparatus  at  Lille  tdilch  I  have  had  the  pleasure  of  seeing.  It  Is  a  rotary  balance  apparatus  aount^  In  a 
spin  tunnel  that  allows  not  only  pure  coning  but  also  oscillatory  coning  experiments  which  no  one  else  Is 
really  doing.  Re  also  described  a  new  test  facility  idilch  provides  the  capabilities  for  hlgh-aaplltude 
dynaaic  pitch  or  yaw  motion.  He  then  discussed  some  of  the  experiments  they  had  done  with  sinusoidal  and 
constant  angular-rate  motions  at  high  rates. 

The  sixth  paper  was  a  presentation  by  David  Thompson  with  his  a>-author  Colin  Martin  from  the  Aeronautical 
Research  Lab  in  Melbourne,  Auatfslla.  They  have  been  doing  considerable  work  on  the  P/A-16  looking  at  the 
tail  buffet  problem  froa  the  standpoint  of  understanding  the  vortex  flows  by  virtue  of  wind  tumel  tests 

and  water  tunnel  testa.  They  have  locked  at  the  effects  of  the  Lex  fence  in  water  tunnel  studies  to  try 

to  understand  what  effect  the  fence  has  on  the  leading  edge  exteaaion  Lex  vortices.  They  provided  a 
correlation  of  the  Lex  vortex  breakdown  position  with  angle  of  attack  looking  at  aubacale  models  in  the 
water  tumel,  wind  tumel  modela  and  full-scale  flight  and  showed  a  very  good  correlation  that  basically 
says  th&t  the  vott-ex  hceekdown  location  is  Independent  of  Reynolds  ntoiber.  This  is  because  of  the  dharp 
edge  of  the  Lex.  This  correlation  Is  encouraging  to  those  of  us  that  are  doing  a  lot  of  studies  In  water 
tunnels  for  visualization  as  well  as  for  quantitative  measureoents.  He  also  liiowed  the  effect  of  inlet 
flow  on  the  Lex  burst  location  which  several  of  us  have  also  seen. 

The  seventh  paper  in  this  group  was  another  presentstion  on  the  X-31  dealing  primarily  with  the 
steady-state  aerodynamics  and  rotary-derivative  measurements.  I  just  noted  a  few  bullets  here  that  I  got 
from  the  conclusions.  One  was  chat  the  X-31  hae  positive  pitching  moment  at  all  angles  of  attack  below 
stall;  It  has  good  lateral  directional  static  stability,  well  damped  In  roll  and  In  yaw.  Near  stall,  as 

you  might  expect,  lateral  stability  Is  reduced,  and  lt*6  propelling  In  roll  without  augmmDtatlon. 

However,  the  aileron  control  power  can  overcome  the  propelling  rolling  moment.  Above  45^  angle  of 
attack,  rudder  la  Ineffective,  and  therefore  one  of  Che  requirements  to  take  care  of  this  problem  la 
thrust  vect’orlng.  They  have  Identified  only  one  spin  mode,  a  flat  spin  at  approximately  86^  angle  of 
attack  which  is  well  away  from  the  operational  envelope  that  they  expect  to  fly;  therefore.  It  doesn't 
appear  to  be  s  problem. 

The  last  paper  In  this  session  was  the  presentation  by  Hr.  Perkins  on  a  parameter  estimation  technique 
chat  British  Aerospace  Is  using  with  an  experimental  airplane  program  which  Is  called  an  equation  error 
method.  I  couldn't  follow  the  logic  very  closely,  but  apparently  It  has  some  advantages  over  the  methods 
which  are  used  by  other  people.  The  method  Is  able  to  accommodate  non-llnear  aerodynamic 
chsracCeriatlca.  It  doesn't  require  a  predefined  aerodynamic  math  model.  Parc  of  the  process  of  fitting 
fll^C  test  data  la  Che  determination  of  whldi  coefflcieots  are  the  important  ones  to  keep.  It  does 
require  extremely  high  accuracy  fll^t  test  data.  This  is  a  requirement  that  la  not  peculiar  to  that 
method,  but  perhaps  In  some  ways  it  la  more  important  for  this  particular  method. 

We  also  had  a  session  this  afternoon  on  stability  and  control,  and  Che  first  three  papers  In  that  session 
dealt  with  forcbody  vortex  control.  I  discussed  some  of  the  work  that  Eidetlcs  has  been  doing  primarily 
on  a  ^eric  fighter  configuration  and  recent  work  on  an  PA-18  model  looking  at  forebody  strakes,  blowing, 
and  miniature  rotatable  tip  strakes  Bob  Guyton  presented  work  that  the  Air  ibree  has  been  Involved  In 
primarily  on  the  X29A  and  the  F16  and  alao  a  little  bit  of  work  on  generic  chine-ahaped  forebody 
con  figurations  which  are  more  appropriate  perhaps  for  the  next  generation  of  alrplansa. 

Jean  Rons  preaented  a  very  nice  pmper  on  aome  work  that  ahe  haa  done  on  forebody  suction,  again  with  the 
Idea  of  controlling  the  forebody  vortlcea  and  described  a  dynmalc  test  teclmlque  which  allows  them  to 
evaluate  the  auction  technique  In  conjunction  with  the  flight  control  system. 

Finally,  we  had  two  Invlced  papers  which  we  just  heard.  One  feom  Nr.  Ningold  In  which  he  discussed  bow  to 
transform  flight  machaaiea  requiraamnta  Into  aerodynamic  coefflcianta  and  he  discussed  the  need  for 
departure  criteria  which  not  only  Includa  the  usual  static  terms  but  aome  of  the  dynamic  tarma.  NS  had 
aome  dlacuaalon  here  as  you  haard  la  tema  of  what  should  be  included  in  those  dynamic  terms.  Clearly,  we 
need  to  Include  them  at  hi|h  anglM  of  attack.  The  question  la  how  do  we  determine  what  thay  arc  nd 
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whether  derivatives  theaseXves  are  appropriate  in  view  of  the  fact  that  we  have  large  tiae'-lag  effects  in 
aoae  of  the  dynaaic  ■oti<m8  we  diacueaed  earlier.  The  last  paper,  by  Mr.  Becker,  was  on  servoelastlc 
stability  of  aircraft  at  hi^  angles  of  attack.  He  discussed  the  aethod  to  predict  the  effects  of 
non-llnear  lncl<tence-dependent  unsteady  aero  forces  of  the  elastic  nodes  of  control  surface  deflections  on 
structural  couplings.  A  very  cMplez  subject  and  one  which  1  an  glad  1  an  not  Involved  In. 

My  final  task  was  to  att^pt  to  keep  track  of  sons  of  the  nore  interesting  questions  and  try  to  generate  a 
few  of  ny  own  just  based  on  disoissions  I  have  had  with  people  hei%  and  with  people  beA>re  coning  here. 
What  I  was  going  to  suggest  is  that  I  just  read  through  these.  Khslk,  do  you  want  to  lead  off  the  Bound 
Table  Discussion  once  they  have  seen  smk  of  these  questions  on  the  vlewgraph?  They  nay  not  all  create 
nuch  discussion  and  sone  nay  create  nore  than  we  want  to  have.  One  thing  that  was  brought  hone  with  Livio 
Vislntini's  paper  was  the  question  of  Reynolds  nunber.  Not  that  it  is  anything  new,  but  we  saw  fron  sone 
of  the  experlnents  In  the  wind  tumel  at  Aemacchl  that  he  was  trying  to  place  transition  on  the  forebody 
or  on  various  places  on  the  aircraft  at  hl^  angles  of  attack  in  a  neaningful  way  so  that  we  have  sone 
assessnent  of  the  Inportance  of  Reynolds  nunber  and  Whether  we  can,*  in  fact,  try  to  create  a 
hlgh-Reynolds-nunber  sinulated  condition  with  an  obviously  lotr-Reynolds^unber  test  situation.  It  is  not 
very  clear  to  ne  that  we  know  how  to  do  that  yet.  I  think  nany  people  would  agree  that  what  we  have 
learned  in  the  past  on  transition  strips  for  wings,  etc.  at  low  an^e  of  attack  doesn't  really  apply  all 
that  well  to  sone  of  the  probleae  that  we  are  faced  with  at  hi^  angles  of  attack.  I  believe  there  Is  a 
lot  that  needs  to  be  learned  yet  about  whether  to  try  to  create  artificial  transition  with  transition 
strips  or  whether  we  siaply  Ignore  tranaltlon  effects  and  test  at  whatever  Reynolds  nunbers  we  have. 

Dr,  Or llk^-RUckeman 

This  is  exactly  what  the  Technical  Evaluator  should  do;  ausaarize  very  nicely  the  idiole  neetlng  and  then 
start  posing  those  kinds  of  questions.  I  would  not  like  to  lose  this  opportunity  to  have  sone 
discussion.  If  you  bear  with  ne,  I  would  like  to  take  the  topics  one  at  a  tine  and  ask  if  there  are  any 
questions  or  connents  on  this  particular  Iten.  Let  us  start  with  the  Reynolds  nunber.  Can  we  siaulate  it 
by  transition  strips;  how  do  we  do  this;  does  it  apply  In  dynaaic  situations,  for  Instance?  Is  there 
anybody  ^dto  trants  to  say  anything  about  that? 

Dr.  A.M.  Cumlnghan.  General  Dynanica,  USA 

1  guess  one  of  ny  concerns  is  that  in  nost  of  our  wind  tunnel  teats  we  are  looking  at  forebodies  that  are 
In  the  region  of  about  one  half  nlUlon  cross-flow  Reynolds  number  range  which  is  the  worst  possible 
region  to  test  in.  Thus  we  need  sone  way  of  stabilizing  such  flows  throu^  sone  kind  of  transition  strip 
■odelling.  Also  we  need  to  consider  how  the  Reynolds  nunber  effects  at  sdb-critlcal  Reynolds  nunbers, 
like  we  use  in  a  water  tumel  and  low  speed  teste,  influence  forebody  flow  fields  and  how  well  do  they 
natch  the  supercritical  flows  with  turbulent  type  separations  like  ve  have  at  full  scale.  I  think  that 
there  are  at  least  two  different  Issues  here. 

Mr.  Mailcoln 

I  agree  with  your  connent.  I  think  that  nost  people  that  have  worked  in  the  fbrebody  flow  area  for  a 
while  have  cone  to  understand  that  a  lot  of  the  phmonena  that  you  see  at  very  low  Reynolds  nunber, 
the  flow  is  laninar,  is  very  slnilar  to  what  you  see  in  the  case  were  you  have  totally  turbulent  flow. 
Obviously  the  characteristics  In  the  boundary  layer  are  dlf]fercot,  but  the  net  results  in  terns  of  how  the 
forebody  vortices  behave  are  very  slnilar  at  very  low  {teynolds  nunbers  and  very  hl^  Reynolds  niabers. 
Utafortunately  nany  wind  tunnel  tests  are  run  In  this  transitional  range  that  you  amtloned  idiere  you  get 
very,  very  different  results  conpared  to  either  fli^t  Reynolds  nuaber  or  in  aone  of  the  lower  Reynolds 
nunber  facilities. 

Dr.  Orllk-RUckensnn 

You  nay  recall  that  Bob  Nelson,  for  Instance,  saw  that  very  nice  conparlson  of  the  wing  rock 
characteristics  of  the  very,  very  snail,  I  believe  2  or  3  Z  nodel  of  the  F16  in  water  (I  assune  it  was  in 
water)  and  conpared  it  with  full-scale  P18,  such  as  In  HARV  tests.  Ibis  was  a  good  eanple  showing  that 
very  low  Reynolds  nunbers  in  the  subcritlcal  range  gave  slnilar  results  to  those  which  can  be  obtained  in 
a  fully  supercritical  situation.  The  point,  however,  to  be  renenbered  here  Is  that  there  is  no  guarantee 
at  sU  that  the  subcritlcal  test  will  always  give  supercritical  results,  but  they  often  cone  closer  to  the 
real  thing  than  if  you  are  in  the  bucket  in  between.  1  would  like  to  sound  a  note  of  caution  that  one 
should  not  use  the  very  low  Reynolds  nunbers  and  hope  that  they  will  necessarily  give  you  the  full-scale 
results. 

Vhen  it  cones  to  transition  strips  In  dynamic  testing  one  has  to  renenber  that  transition  of  course  has  a 
tendency  to  nove  end  if  you  fix  it,  then  again  you  do  sonething  that  is  really  basically  wrong. 

Dr.  D.  Woo<Brard.  Rowel  Aaro8pa«  Estsblishnsot,  CK 

I  think  that  the  last  point  Mile  Vy  Kazlk  Is  a  really  significant  one.  It  is  all  very  well  to  fix 
transition,  but  we  don't  really  know  whst  we  are  trying  to  sinulate  yet.  I  think  that  the  only  way  that 
we  are  going  to  get  the  right  answer  la  to  "bite  on  the  bullet**  and  do  dynanlc  teata  In  large  presaurlzed 
facilities  ao  that  we  can  actually  sinulate  varying  Reynolds  nuaher  at  constant  Fhch  nunber.  He  will  then 
find  out  exactly  what  la  going  on  with  the  diange  in  the  transition  front,  and  get  sone  really  good  data. 
Now  that  is  easy  u  nnj  and  not  very  easy  to  fund,  nor  to  do,  hvt  1  suspect  that  if  we  spend  a  lot  of  tine 
trying  to  fiddle  around  with  tranaltlon  strips  at  the  end  of  all  of  that  tine,  still  not  know  what  we  have 
got  hold  of. 

Ir  A.  Elnmaar.  Witional  Aerospace  Laboratory  NUl.  Netherlande 

1  agree  with  Skvld  Hoodward.  But  It  still  wouldn't  solve  ell  of  the  problana  because  evm  et  the  fll^t 
Reynolds  nunber  In  the  wind  temel,  the  traositloa  location  night  he  differmt  due  to  roughness  and  flow 
quality  affects.  I  wonder  a  little  bit  if  it  would  help,  or  If  there  la  any  experlnace,  in  putting  on  the 
noae  sparsely  diatrlbutad  roughneaa  grains  to  gat  an  alaoat  even  roughnaas  area,  not  too  audi  or  you  will 
thicken  the  bounder y  layer  too  nuch,  but  sufficient  to  force  the  boundary  layer  turbulent  wherever  it  la 
laninar  without  the  grains  and  then  do  Raynolda  nunber  etudies  to  nee  whet  e  teynolda  nunber  variation  hM 
for  effect. 
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Dr.  R»C»  Bradley.  Jr.,  General  Dreaaict.  PSA 

Let  m  Just  «dd  a  littie  biiT  to  tb6  coaplaf ty  end  leek  of  understendiag  in  this  eree.  There  wee  e  tiae 
ee  e  young  engineer »  I  would  beve  bet  ay  pey^eck  thet  ^erp  lending  edges  ere  Insensitive  to  Reynolds 
nuaber.  1  heve  bed  soae  recent  experiences  thet  would  aeke  ae  doubt  tbet  snaeidtst.  Me  ectuelly  tested 
very  sherp  lesding-edge  chines  on  e  nose  probe*  for  exeaple*  quite  thcttoufl^y  both  dyneaicelly  snd  in  e 
wind  tumel*  stetlcelly*  end  we  were  diseppointed  in  fll^t  tests  end  the  ejects  thet  mre  noted.  This 
is  the  cese  of  e  very  aberir-edge  vortex  How  whidi  influence  the  larger*  developed  vortex  flow  end 
peiheps  the  nose  sepsretion.  It  is  e  very*  very  coaplex  problea  and  1  ea  not  sure  thet  there  is  e  siaple 
solution. 

Mr.  Mslcola 

I  think  tEst  we  ell  would  egree  with  thet. 

Ve  have  hed  a  lot  of  discussion  about  tlae-leg  effects  in  this  pertlculer  fli^t  regiae  that  we  ere  in* 
both  in  terns  of  appropriate  wind  tunnel  teat  techniques  end  also  how  we  incorporate  these  into  the 
aerodynsaic  aath  aodels.  Probably  as  laportent*  at  least  in  the  long  tern*  can  we  aeesure  th^e  in 
fll^t?  Me  beve  a  nuaber  of  hl^  angle  of  attack,  high  aanoeuver  rate  fli^  prograns*  sudi  as  the  F/A-IB 
HARV*  the  X-31;  is  there  going  to  be  s<»e  way  to  get  feedback  froa  these  fll^t  tests  that  will  tell  us 
wore  about  the  iaportance  of  the  tlne~lag  effects^  It  is  not  an  easy  problea  md  1  an  not  a  flight  test 
engineer.  Perhaps  soaeone  «dio  is  dealing  with  flight  tests  would  like  to  aake  soae  cMaents  either  one 
way  or  another.  Also*  people  who  are  having  to  deal  with  siaulations  obviously  are  faced  with  the  problea 
of  how  to  deal  with  the  tlM-lag  problea*  how  to  put  these  ^>efflcients  In  in  terns  of  a  tine  varying  and 
a  history  dependent  aaoner.  Any  couents  froa  the  floor? 

Mr.  J.E.  Jenkins.  Wright  Patterson  AfB*  USA 

With  regard  to  the  tlae  effects,  even  in  a  linear  sense*  one  possibility  would  be  to  pick  up  on  an  idea 
that  Etkln  proposed  quite  soae  tlae  ago.  That  Is,  to  treat  the  aerodynaalc  reaction  as  a  transfer 
function.  This  would  require  dynaalc  tests  in  order  to  define  these  transfer  functioos*  but  you  could 
handle  In  theory  significant  tlae-lags  In  that  way.  In  the  non-linear  sense,  including  the  history 
effects,  I  think  we  are  forced  to  look  at  the  bypersurface  or  Indiclal  response  type  of  aodels.  That 
makes  the  problea  auch  aore  difficult  for  the  flight  ascbanics  people  because  you  can't  use  the 
saall-perturbatlon  equations  of  aotlon  any  Xoogier. 

Dr.  Orllk-RUckeaann 

One  of  the  reasons  why  we  are  obtaining  dynaalc  derivatives  is  so  that  we  can  correctly  formulate  the 
various  control  laws  snd  design  control  systems.  An  associated  question  is,  **do  we  need  to  incorporate 
the  various  tlae- lag  effects  in  our  control  laws  and  control  systeas?**. 

Dr.  L.  Vlalntiol.  AerMacchl,  Italy 

1  have  Just  a  short  cossKnt.  I  think  that  the  range  of  pitching  rates  shown  in  the  various  experiments  is 
very  wide,  we  have  seen  nuabers  up  to  .2  or  .5  in  qc/v.  In  the  recent  AGA&D  FDP  short  course  at  NASA 
Langley  Research  Center  we  have  seen  that  the  most  realistic  values  for  aanoeuvrlng  aircraft  are  liaited 
to  something  like  .03  or  .05.  So,  I  think  that  lag  effects  that  should  be  considered  for  aodelliog  or 
manoeuvring  prediction  should  be  the  ones  coming  froa  Just  those  levels  of  pitch  rate*  Probably  large 
pitch  rates  Induce  very  large  lags  that  may  not  be  meaningful  for  aanoeuvrlng  aerodynaalcs. 

Dr.  Orlik  RUc kerns tm 

Thank  you  for  your  coaaent,  however,  I  would  like  to  recall  that  the  point  was  aade  during  the  meeting 
that  these  hl^er  reduced  rates  are  of  Interest  when  you  discuss  the  dynaalc  b^ovior  of  control 
surfaces.  So  there  is  still  some  application  of  these  rates. 

Mr.  Malcolm 

For  the  next  question  we  perhaps  already  know  the  answer,  "Do  we  need  to  Include  alpha  dot  and  beta  dot 
effects?"  I  iMlieve  that  there  have  been  enough  studies  done  already  to  show  that  they  can  be  important, 
certainly  Charles  O'Leary's  experiments  have  shown  the  importance.  Probably  the  only  reason  that  they 
haven't  been  included  in  the  post  la  Just  the  difficulty  of  actually  determining  what  they  are 
ezperlaentally  and  certainly  analytically.  But  perhaps  with  the  addition  of  rigs  such  as  Charles'  and 
others  who  are  beginning  to  look  at  the  translational  effects,  we'll  know  acre  about  the  beta  doc  and 
alpha  dot  effects.  In  the  future  and  they  can  be  Included  in  the  slaulaClon  aodel.  Any  coMents? 

y.  C.O.  O'Leary,  Royal  Aerospace  Establiehynt.  UK 

I  got  Che  laprcssion,  froa^ the  discussion  with  Rasik  after  his  lecture,  chat  Peter  Mangold  was  saying  that 
they  weren't  too  significant  because  the  aircraft  control  systea  was  designed  such  chat  beta  dot  effects 
were  suppressed.  But  this  pre-supposes  that  the  actual  aerodynamic  controls  are  working  properly*  and 
they  can  be  effective*  but  what  if  the  aerodynaalc  controls  become  Ineffective  in  a  particular  situation, 
then  you  are  going  to  get  your  betadot  whether  you  like  it  or  not.  1  wonder  whether  you  have  a  comaeat  on 
chat. 

Mr.  jial^la 

Peter  discussed  the  need  for  better  criterle  at  high  angle  of  atteck  and  the  need  for  incorporating 
dynaalc  derivatives  or  coefficients,  as  the  case  nay  be.  The  other  problem  ia  having  to  do  an  analyais  in 
cerma  of,  say  for  enmple*  the  departure  criteria  on  an  airplane  that  la  unstable,  you  can't  Just  do  an 
analyais  on  the  bare  airfreme,  you  have  to  aomebow  Include  the  effects  of  fli^t  control  ayatem  which  of 
course,  in  the  early  design  stage  hasn't  been  eatabllahed  yet.  So,  X  chink  the  criteria  that  are  being 
used  by  aircraft  dealgnera.  Cm  beta  dyn*  and  so  forth*  as  he  said*  are  really  not  adequate  any  more.  He 
have  to  have  a  better  ondcratanding  of  dhat  kind  of  cerma  to  Include  and  where  we  get  them  and  bow  we 
determitte  them  at  that  point  in  the  aircraft  design*  Ibether  beta  dot  and  alpha  doc  effects  are  laportanc 
at  the  design  stage  or  definition  of  control  ayatem*  1  do  not  know;  I  aa  not  the  ri^t  one  to  answer 
that.  Peter  wants  to  aake  a  comment. 
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y,  P.  Itogold,  Dornler  Luftfahrt,  Gcraany 

Te«  1  waDt  to  Mke  a  coasent  on  tUs  quescloa.  Ihlaga  trtilcb  I  have  8pok»  about  In  my  paper  are  the 
deaign  criteria  for  the  very  early  stage  of  an  aircraft.  So  I  didn't  want  to  say  that  these  alpha  dot  and 
beta  dot  effects  shouldn't  be  included  In  the  alaulatlon  model,  vbicb  after  all  represents  the  real 
behavior  of  the  augeented  aircraft.  In  fact*  ve  are  using  these  alphadot  and  betadot  derivatives  If  they 
are  available.  In  longitudinal  vtlon*  for  eiaeple*  we  have  these  alpha  dot  and  4  derivatives  separated 
for  the  simulation  aodel  by  an  enplrlcal  method.  Ue  fll^t  mechanics  people  would*  of  course,  appreciate 
It  If  the  aerodynamic! St  could  provide  us  with  more  confident  data. 

So,  In  summary  we  are  using  these  derivatives  in  simulation,  to  now  the  aerodynamiclst  did  not  come  up 
with  confident  data.  Due  to  ay  experience  In  the  augmented  fighter  business,  1  must  say,  that  the 
augmented  system  is  not  very  sensitive  to  variations  In  these  derivatives. 

Of  importance,  however,  are  the  time** lag  effects.  Here  1  am  not  sure  If  things  that  we  are  measuring  now 
or  you  are  measuring  now,  are  of  great  Importance  for  fll^t  mechanics.  Most  of  the  tests  seen  during 
this  meeting  have  been  done  with  rotary  movements.  If  you  look  at  a  real  fll^t  and  to  the  manoeuvers  a 
pilot  Is  doing,  you  see  that  he  la  intiatlng  a  manoeuver  and  then  he  stops  at  an  angle  of  attack.  He  flys 
for  some  time,  then  he  la  pitching  down.  Our  Swedish  colleague,  Mr.  Torlund,  showed  some  results  from 
such  manoeuirara.  niese  manoeuvers  will  be  of  Interest  to  the  flight  mechanics  people.  The  problem  Is, 
how  to  Include  these  effects  In  the  simulations  because  you  know  irtien  you  initiate  your  manoeuver,  but  you 
don't  know  where  you  will  stop  it,  so  you  cannot  really  model  this  effect  because  the  magnitudes  of 
dynamic  Fbrcea  and  Moments  are  dependent  on  the  tine  histories  of  the  whole  movaaent  in  the  past.  It  will 
be  very  difficult. 

Dr,  Or  Ilk  Wickematto 

You  are  referring  to  the  ramp-type  manoeuver,  especially  a  very  faat  one.  There  are  several  rigs 
available  now  In  the  NATO  community  which  can  produce  data  showing  very  large  time-lag  effects  which  can 
be  measured  with  those  tlga.  I  would  also  like  to  make  a  comment  regatding  the  effect  of  the  dot 
derlvatlvea  on  our  ability  to  predict  the  dynamic  b^avior  of  aircraft.  This  does  not  necessarily  mean 
departure  or  something  like  this,  but  Just  bow  would  the  aircraft  react  to  various  dlaturbancea.  It  has 
been  shown  by  several  different  organlsatlona  in  the  laat  10  years  or  so,  that  the  separatlcn  of  the  dot 
derlvatlvea  from  their  forced-oaclUatlon  counterpart  la  quite  an  essential  requirement  to  make  those 
preditlons  correctly.  In  other  words,  if  you  Just  use,  for  example,  the  q  plus  alpha  dot  derivative 
Instead  of  the  q  derivative  and  then  put  the  alpha  dot  derivative  equal  to  sero,  you  get  In  many  cases 
quite  an  incorrect  prediction,  fbr  that,  of  courae,  you  must  be  at  an  angle  of  attack  hl^  eaouj^  so  that 
the  dot  derlvatlvea  are  of  a  aignlflcant  magnitude.  Of  course,  as  long  as  they  are  very  small  It  does  not 
make  any  difference. 

Dr.  <Xmil«e>»*« 

Another  thing  that  baa  always  oonoemed  me  la  If  you  have  a  g-limlted  aircraft  and  are  conducting  a 

dynamic  manoeuver,  you  will  have  a  aignlflcant  normal  force  overshoot,  and  your  flight  comtrol  system 

G-llalter  must  be  able  to  recognise  irtiat  Is  coming  up  be^re  It  gets  there.  This  needs  to  be  Included  In 
the  fll^t  control  system  for  safety  purposes. 

Mr.  Malcolm 

Now  I  wilTgo  back  to  the  one  that  we  skipped.  He  have  seen  a  lot  of  data  in  the  last  several  years  on 

the  effects  of  dynamic  lift  on  two-dimensional  airfoils.  We  are  begiming  to  see  more  and  more 

experiments  and  soalysis  on  very  highly  swept  delta  wings,  60^  and  greater.  But  1  haven't  seen  very 
mu^  about  lower  sweep.  For  s  typical  existing  aircraft  wing  sweep,  25^  to  45^.  I  wander  If  there  is 
very  much  research  going  on  anywhere  looking  at  the  effects  of  the  moderate  sweep.  Is  there  anyone  who 
wo\Ud  cere  to  comment  on  that? 

Dr.  Orllk  Wteksmann 

There  has  been  s  N^A  Langley  Investigation  whldi  Included  rectangular  wings  as  well.  It  seems  that  the 
effect  of  dynamic  lift  was  different,  but  still  there. 

Dr.  Gum  Ingham 

I  iisve  been  doing  some  work  on  lower  sweap  wings,  but  not  as  low  as  45^.  However,  our  strske-delta  wing 
was  76°-40<’.  liMklng  at  the  more  complex  plsnforms  with  dottle  sweep  iriiere  two  different  types  of 
vortical  flow  ■yscems  (low  sweep  and  hl^  sweep)  Interact  you  have  an  added  problem.  Ibis  Is  especially 
true  for  the  F18  and  the  F16. 

Mr.  >hlcolm 

We  need  to  have  some  feedback  from  flight  tests.  Will  we  be  able  to  gat  some  feedback  from  hl|^  rate 
manoeuver  fll^t  testa  that  are  going  to  be  done  In  the  near  foture  to  aamess  idiether  we  are  doing  the 
right  experiments,  whether  we  are  msaaurlng  the  right  quantities  for  simulation  and  fll^t  test 
prediction?  Wll  anyoma  oommant,  for  the  X3l,  on  the  ^pe  of  data  they  expect  to  get  that  will  died  some 
li^t  on  some  of  these  time-lag  problems  at  hlgb-rste  oondltlcma  end  in  full  seels? 

Dr.  H.  Koss,  Mtt.  Gspi^t 

1  think  thst  we  should  wait  about  a  year.  Itasn  we  should  be  able  to  substantiate  reaxalta  with  flight  test 
data  and  we  ^uld  be  able  and  in  a  poaltlon  to  present  facts  rather  then  talking  about  speculations  at 
this  point  la  time. 

y.  tuicolm 

I  gueaa  tEa  point  I  wma  trying  to  gat  at  is,  "are  we  dcalgmiag  flight  teats  la  such  a  way  that  we  will  be 
all#  to  dstermlae  these  klada  of  eflbcta?".  He  kaov  that  they  eilat  at  least  la  aiib-ecale  exparlmBta. 

Tha  qosatlom  ia  will  we  be  able  to  mtaaore  those  from  full-scale  fll^t  teats  la  a  way  that  we  can  laara 
aomatblag  from  that? 


RTD-6 


Dr.  Bradley 

I  think  we  should,  la  answer  to  your  question.  We  definitely  should  take  wore  fli^t  test  data  for  these 
effects.  I  wanted  to  coaaent  that  what  really  turned  Ih*.  Cumlnghan  on  to  this  area  soiie  tlae  back  was 
flight  data  fron  the  F16.  We  recorded  the  hysteresis  effect  and  have  flight  data.  That  was  irtiat  tweaked 
our  Interest  in  doing  sowe  nore  research  about  six  years  ago. 

Mr.  Malcoln 

1  bave  another  conuent  on  this,  and  I  dcn*t  think  that  anyone  would  disagree.  I  believe  that  AGARD  should 
agresslvely  continue  to  prooote  technology  exchange  In  this  area.  It  is  obviously  an  area  which  has  a  lot 
of  interest,  a  lot  of  relevance  to  aircraft  that  are  flying  now  and  K^^sbly  nore  Inportantly  for  future 
aircraft.  I  certainly,  as  an  evaluator,  would  like  to  encourage  AGARD  to  continue  these  kinds  of  Beetings* 

te.  Orlik  Riickeaann 

Very  good  point,  ^ofessor  Slooff? 

Prof.  Ir.  J.W.  Slooff,  Mational  Aerospace  Laboratory  MLR,  Wether  lands 

What  I  going  to  say  d^V  fwt  apply  to  any  of  the  dots  over  there,  but  It  nay  also  apply  to  all  of 
then.  A  point  I  was  missing  -  it  is  not  a  question  or  issue  that  fits  into  the  picture  from  your  point 
of  view  la  the  question  to  trhat  extent  can  we  expect  to  a^e  use  of  CFD-type  aethods  in  this  area,  If 
not  now,  then  perhaps  In  the  aore  distant  future.  I  have  heard  very  little  on  that.  Oh,  I  see  1  was  too 
early.  You  address  your  point  on  your  next  vlewfoll. 

Mr.  Malcolm 

Obviously  there  are  a  lot  of  advances  being  made  in  computing  steady  flows  with  CFD  methods.  A  lot  of 
work  is  done  at  NASA  Ames  and  NASA  Langley,  at  least  these  are  the  ones  I  am  most  familiar  with,  but  there 

is  obviously  soae  work  going  on  in  Europe  in  this  area.  They  have  been  very  successful  In  calculating 

forebody  flows  and  extending  that  gradually  back  over  the  entire  airplane.  Obviously,  doing  this  in  a 
hi^  rate  nsnoeuver  is  a  different  question.  I  don*t  know  if  there  are  any  CFD  people  In  the  group  here 

who  want  to  coaaent  on  the  problems  Involved  In  doing  chat  and  how  soon  we  might  expect  to  see  people 

doing  chose  kind  of  computations. 

Dr.  Orlik  RUckeaann 

I  think  we  have  only  recently  started  considering  the  possibility  of  rumlng  soae  rotary  CFD  calculations 
which  by  the  nature  of  things  are  of  a  quasi-steady  rather  than  of  an  unsteady  type.  As  I  understand  It, 
no  unsteady  CFD  calculations  on  complete  configuratioof.  have  yet  been  aade. 

Mr.  E.  Waggoner,  NASA  Langley,  USA 

I  would  nice  to  MlTe  a  cocmnC.  I  think  we  have  made  essential  progress  during  the  last  years  to 
calculate  hl^  angle  of  attack  cases  in  steady  flow,  the  time  has  now  come  to  attack  the  unsteady 
problems.  I  think  this  Is  possible,  especially  those  manoeuvers  which  have  been  aentloned  here  whld>  are 
not  really  oscillatory,  caap-type  aonoeuvars  rad  so  this  can  now  be  attacked  with  coaputatlonal  aethods, 
for  exaapie,  for  delta  wings  etc*  I  would  encourage  our  people  to  do  this. 

pr.  Orlik  RUckeaann 

I  aa  very  happy  to  hear  that*  We  have  about  10  ainutes  left  for  the  discussion,  so  could  we  press  on 
please. 

Dr.  W.J.  McCroskey,  NASA  Aaes  Researdi  Center,  USA 

I  Just  wanted  to  advertise  a  forthcoming  conference  by  our  sister  panel.  Structures  and  Materials.  On  6  - 

II  October  In  Son  Diego,  will  be  a  specialists  aeeting  entitled  "Unsteady  Aerodynaalcs  and 
Aeroelasticlty As  you  can  guess  froa  the  title  there  is  unsteady  aerodynaalcs  In  that.  It  is 
aeroelaatlclty  orlaited,  but  it  is  ay  understanding  that  there  will  be  soae  attempts  to  address  the 
potential  for  CFD  In  this  area.  If  not  actual  results  presented  at  that  meeting. 

Mr.  Mslcola 

That  is  good  to  hear.  We  have  several  questions  left.  I  aa  not  sure  what  the  priority  ought  to  be.  Why 
dan*t  we  just  go  through  then  one  at  a  tlae  and  if  someone  wants  to  make  a  coaaent,  they  can,  and  if  not, 
we*ll  on.  We  hove  actually  touched  on  the  second  one  probably  in  the  discussion  we  have  had  already  in 

teras  ’low  to  Include  dynaedcs  effects  in  prelialnary  design  and  what  the  penalties  are  If  you  doo*t. 

If  any>'»no  wants  to  coaaent  on  that  they  are  welcome  to.  The  third  one  actually  as  Peter  Mangold  aentloned 
a  aoaeni  ago.  Does  the  wind  tumel  test  coaaunlty  or  does  the  aerodynaaiclst.  In  a  sense,  understand  the 
needs  of  the  aircraft  designer,  perhaps  In  terms  of  what  are  the  laportant  aerodynaaic  coefficients  to 
Include,  particularly  In  the  prelialnary  design  stage.  I  don't  know  the  answer  to  tlat.  Perhaps  there 
needs  to  be  closer  contacts  between  fli^t  test  people  or  the  aero  aechanlcs  people  and  the  aerodynaalclat. 

Dr.  Orlik  RUckeaann 

One  of  ay  aaln  considerations  whoi  organising  these  aeetings  has  always  been  to  do  that  in  such  a  way  that 
the  specialists  froa  the  different  walks  of  life  have  a  chance  to  talk  to  each  other,  and  1  hope  tlat  we 
will  continue  doing  it  in  this  way.  I  think  it  was  very  interesting  for  us  to  hear  Nr.  Mangold's  rcaarks 
this  afternoon. 

Mr*  Mslcola 

I  have  a  couple  of  questions  related  to  forebody  v<fftex  control.  Host  of  the  work  that  has  been  doom  to 
dste  has  been  on  a  aore  or  less  conventional  for^>odica.  If  you  will,  with  circular  and  ellii^ical 
croas-sectloos ,  wb«‘o  you  can  have  a  high  Influence  over  the  eeparatloa  location  by  eltber  blowing  or 
usteg  Biaiatura  strakes  aad  an  forth,  tee  quastloa  in  how  a^licable  are  aoaa  of  thaaa  tediaiquaa  to 
ehiaa-'ahaped  for^odles*  We  saw  owe  oDwaant  oa  it  today  ia  M  Guyton's  talk,  locMcteg  at  a  ganaric  chine 
cenaturatloa  idwre  separation  la  relatlvaly  wall  finsd  dua  bo  the  abarp  edge,  t  think  that  probably  aote 
of  the  tedinlquea  that  we  have  been  lookhig  at  will  work  aad  soae  will  not  oo  the  next  ganaratlon  of 
fordiodiai.  That  la  a  laportant  issue  to  keep  In  front  of  ua,  I  believe.  Alao,  ia  forebody  vortex 
control  in  ooapetitlon  with  thrust  vactoring  or  is  it  conaidared  to  be  coaplaaentary,  pertioalarly  for  yew 
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control?  Does  anyone  want  to  coasent  on  that?  My  own  viev  la  that  they  can  and  probably  will  be 
conplewmtary.  One  won't  be  uaed  in  place  of  the  other.  I  believe  that  they  both  have  a  place.  I 
believe  that  eventually  on  the  HARV  configuration »  for  ezaaple*  you  will  aee  both  of  these  In  operation. 

Aa  has  been  nentloned  before,  they  are  now  In  the  beginning  atagea  of  flying  HiUtV  with  the  paddles  for 
thrust  vectoring  and  they  are  doing  aose  full-scale  wind  tunnel  testa  at  NASA  Awes  now  to  evaluate  both 
blowing  and  also  the  Xangley  conforsal  atrakes.  It  la  platned  to  flight  test  with  both  of  these  systems 
in  operation,  eventitally,  so  this  may  be  an  opportunity  to  aee  how  these  two  unique  controls  effectors  can 
be  used  in  conjunction  with  one  another. 

Dr,  Orllk  RUckemana 

I  would  like  to  add  to  this  that  the  only  reason  «diy  there  were  no  specific  papers  addressing  the  question 
of  thrust  vectoring  In  this  meeting  is  that,  of  course,  the  meeting  was  about  aerodynamics  of  manoeuvering 
aircraft.  Certainly  1  agree  with  the  rest  of  idiat  you  said.  The  two  techniques  most  likely  will  become 
very  complementary  In  nature.  Also  1  would  like  to  add  that  thrust  vectoring  is  a  technique  idilcb  will  be 
soon  proven  in  flight,  whereas  forebody  vortex  control  methods  are  being  so  far  developed  and  looked  into 
In  a  research  environment  only  so  far. 

Mr.  Msloplm 

Related  to  that  is  the  last  bullet,  and  I  will  come  back  to  the  next  to  the  last  one  In  a  moment,  and  that 
Is  the  obvious  need  for  understanding  the  effect  of  Reynolds  number  on  forebody  vortex  control  and  also  to 
evaluate  it  in  non-steady  conditlona,  either  in  high  rate  motions  that  ml^t  be  produced  by  some  of  the 
hl^-rate  pitch  or  yaw  motions  or  In  particular,  on  the  rotary  balance.  We  are  going  to  be  doing  some 
experiments  on  s  sub-scale  F18  in  the  Ames  ^  by  10  on  a  rotary  balance  to  look  at  the  effects  of  forebody 
blowing  in  the  presence  of  a  rotational  aotlan.  There  ie  not  a  whole  lot  known  yet  about  the  dependency 
on  that  technique  on  rotation  rates,  ao  I  think  that  we  need  to  know  sore  In  that  area.  Finally,  with  the 
various  fli^t  programs  that  are  on-golng,  Including  for  a  short  time  at  least,  the  X29A  at  NASA  l^yden 
and  also  the  F18  HARV  and  the  X31,  the  question  arises  as  to  how  accessible  is  the  flight  data  going  to  be 

to  those  of  us  who  are  trying  to  understand  high  angle  of  attack,  high  rate  motion  data.  Hopefully,  even 

though  theme  are  taking  place  in  various  organizations,  we  will  have  access  to  that  data  as  it  becomes 
available.  It  will  help  us  to  do  our  job  better.  Any  other  comments?  I  know  thst  we  are  about  to  run 
out  of  time. 

Dr.  Cunningham 

On  your  last  bullet  on  the  chart  about  the  dynamic  effects  of  forebody  vortex  control,  it  Is  interesting 
that  when  we  fix  our  static  stability  problems  by  stralghta^ing  up  our  forebody  flow  fields,  we  sometimes 
get  into  a  dynamic  problem.  You  can't  fix  everything,  so  1  think  It  is  good  to  emphasize  that  if  forebody 

vortex  control  works  statically  It  may  not  necessarily  work  dynamically  or  vice  versa. 

Mr,  Malcolm 

Well,  we  certainly  need  to  know. 

Dt.  Bradley 

I  would  just  like  to  make  one  comoKnt.  We  seem  to  have  a  propensity  in  the  United  States  for  miis-mansging 
these  fli^t  programs.  We  develop  special  flight  vehicles,  the  X29,  X31  and  AFTI.  By  the  time  we 
them  in  the  air,  we  have  spent  all  the  money  and  we  never  have  enou^  money  to  do  the  sufficient  flight 
testing  to  get  detailed  data.  1  would  Just  like  to  raise  the  flag  here.  You  who  have  a  lot  of  Influence 
with  the  money  sources  sho*iLd  straighten  that  out. 

Mr.  Malcolm 
I  agree. 

Pt.  Orllk  RUckemsop 

Let  us  close  this  discussion  on  this  note.  Let  us  be  optimistic  that  we  can  really  affect  the  powers  that 
be  in  this  direction.  I  would  like  now  to  thank  very  much  our  Technical  Evaluator,  Gerry  Hslcolm  for  a 
very  well  done  job.  1  would  like  to  thank  all  the  authors  idto  participated  in  this  meeting  for  the 
careful  preparation  of  their  material  and  written  versions  of  their  papers.  Finally,  I  would  like  to 
th«ik  the  session  chairmen  who  did  a  good  job  In  keeping  everything  on  course  and  on  time.  With  this  I 
would  now  like  to  call  on  the  Panel  Chairman  to  close  the  meeting. 

te.  IfcCro^ey 

the  joy  of  b^ng  Fsnel  Chairmen  is  that  you  get  in  the  last  words.  So  I  will  take  the  prerogative  to  just 
a^»lify  Or*  Bradley's  comment.  0ft«i  mhen  the  data  ere  acquired  there  Is  no  money  left  over  to  analyze 
them  and  disseminate  them.  According  to  the  time  table,  and  AGARD  is  reknowned  for  keeping  the  schedule. 
It  is  all  over  and  we  are  all  on  the  bus.  So,  1  will  just  m^e  s  fow  remarks  thst  relate  to  our  bus  ride 
In.  But  first,  thaidiis  to  Rszik,  for  his  Heroulesn  efforts  in  putting  together  this  program  and  agpla  a 
special  thanks  for  Mr.  Mlcolm  for  sitting  in  as  Technical  Evaluator  and  doing  such  a  fine  job,  I  would 
like  also  to  any  on  behalf  of  the  Panel,  we  appreciate  the  oontributtons  of  Nr.  ^Mngpld  of  the  Flight 
Nschsnlcs  Panel  and  Becker  representing  the  Structures  sad  mcerlsls  Panel.  On  behalf  of  the  Pmoel  I 
want  to  express  sgsln  our  appreciation  to  organisations  and  Individuals  here  In  France  who  mads  this  all 
possible:  Ibe  Itsnch  AGARD  Delegation,  Sup'Aero,  our  host,  Aerospatiale,  Airbus  Industrie,  and  OMBRA,  and 
In  particular,  Nonaieur  Sc^mant  who  had  the  task  of  ruasing  up  and  down  and  keeping  all  of  the 
eudicnrlsual  working.  Again  Nr.  Bouquet  end  Hcmaleur  end  Midame  Dujerrlc  for  their  efforte. 

One  eeeentlal  part  of  this  meeting  le  the  teek  of  the  trmneletore,  end  1  don't  reelly  know  how  they  do 
It.  Let  ua  express  our  appreciation  to  NldemolscUe  Celle,  Ikdaaw  Couedic  and  Monsieur  de  Llffiac.  We  do 
appreciate  the  j<M>  thst  you  do.  I  partioolarly  appreciate  and  understand  probably  better  than  ^at,  the 
effort  of  our  Panel  Bxecutlve  end  hie  wife.  Or.  end  ?^a.  Goodrich  end  our  aecrstary,  ItodeaDlselle  Rtveult. 

Ae  I  said  at  the  conclusion  of  the  Specialists  Naeting  on  Adverae  Weather,  please  translate  this  mrm 
fsellng  and  sppleise  into  favorable  coaMita  back  to  your  mana  gsmmit  about  the  value  of  A6JRD.  Itow  a 
peak  at  future  ettTMtlena.  I  would  like  to  Aow  the  viewgrapb  of  our  forthcoming  meeting,  that  will  be 


RTD-H 


the  fall  ayapoalua  oa  "AcrodyiuMic  Aigiae  Alriraae  Intasratloa”.  1  will  just  reiterate  the  fall  Metiag 
by  the  Structure#  and  Mitertala  Panel  >  6  to  11  October  199l»  on  Hloateady  Aerodyaaaica  and 
Aeroelaatlcity*'.  Then  vc  have  two  ayapoela  next  year  oa  ^pereoalca  ia  Torino,  on  hi|^  Lift  Systea 
Aerodynaalca  la  Canada,  aad  two  epeeial  oouraee  that  will  be  put  oa  in  connection  with  the  von  Karaan 
Zoatitute.  Finally,  1  would  like  to  Juat  ahow  you  a  quick  video  about  the  aeetlng  In  Ibrt  Worth. 
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1 4.  Abstract 


This  volume  contains  the  1 7  papers  presented  at  the  AGARD  Ruid  Dynamics  Panel  (FDP) 
Specialists’  Meeting  on  "Manoeuvring  Aerodynamics”  held  1st— 2nd  May  1991  in  Toulouse, 
France.  In  addition  to  these  papers,  the  gener^  discussion  held  at  the  end  of  the  meeting  and  the 
Technical  Evaluation  Report  are  included  in  this  document. 

This  FDP  sponsored  meeting  and  document  reflect  the  growing  interest  in  rapid,  large-amplitude 
manoeuvres  of  aircraft  at  high  angles  of  attack  and  highlights  the  importance  of  the  unsteady, 
separated,  vortical  and  often  non-linear  characteristics  of  the  aerodynamic  flows  that  exist  under 
such  conditions.  Developments  in  pertinent  experimental  techniques,  relevant  aerodynamic  data 
and  their  applications  to  flight  behaviour  predictioas.  importance  of  time  lags,  methods  for 
forclxKly  vortex  control,  and  flight  tests  of  the  X-3 1 A  aircraft  are  among  the  topics  discussed. 
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